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(57) Abstract: The present invention relates to pluripotent stem cells, particularly to pluripotent embryonic-like stem cells. The

^1 invention further relates to methods of purifying pluripotent embryonic-like stem cells and to compositions, cultures and clones

- thereof. The present invention also relates to a method of transplanting the pluripotent stem cells of the present invention in a mam-
malian host, such as human, comprising introducing the stem cells, into the host. The invention further relates to methods of in vivo

administration of a protein or gene of interest comprising trans feeling a pluripotent stem cell with a construct comprising DNA which

encodes a protein of interest and then introducing the stem cell into the host where the protein or gene of interest is expressed. The

present invention also relates to methods of producing mesodermal, endodermal or ectodermal lineage-committed cells by culiuring

or transplantation of the pluripotent stem cells of the present invention.
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PLURIPOTENT EMBRYONIC-LIKE STEM CELLS, COMPOSITIONS,

METHODS AND USES THEREOF

5

FIELD OF THE INVENTION

This invention relates generally to pluripotent stem cells, particularly to embryonic-like

10 pluripotent stem cells. The invention also relates to uses of the stem cells for tissue

engineering in cell or tissue transplantation, in gene therapy, and in identifying,

assaying or screening with respect to cell-cell interactions, lineage commitment,

development genes and growth or differentiation factors.

15 BACKGROUND OF THE INVENTION

The formation of tissues and organs occurs naturally during prenatal development. The

development of multicellular organisms follows pre-determined molecular and cellular

pathways culminating in the formation of entities composed of billions of cells with

20 defined functions. Cellular development is accomplished through cellular proliferation,

lineage-commitment, and lineage-progression, resulting in the formation of

differentiated cell types. This process begins with the totipotent zygote and continues

throughout the life of the individual. As development proceeds from the totipotent

zygote, cells proliferate and segregate by lineage-commitment into the pluripotent

25 primary germ layers, ectoderm, mesoderm, and endoderm. Further segregation of

these germ layers through progressive lineage-commitment into progenitor

(multipotent, tripotent, bipotent and eventually unipotent) lineages further defines the

differentiation pathways of the cells and their ultimate function.

30 Development proceeds from the fertilized egg, to formation of a blastula and then a

gastrula. Gastrulation is the process by which the bilaminar embryonic disc is

converted into a trilaminar embryonic disc. Gastrulation is the beginning of



WO 01/21767 PCTAJS00/26225

2

morphogenesis or development of the body form, gastrulation begins with the

formation of the primitive streak on the surface of the epiblast of the embryonic disk.

Formation of the primitive streak, germ layers, and notochord are the important

processes occurring during gastrulation. Each of the three germ layers - ectoderm,

5 endoderm, and mesoderm- gives rise to specific tissues and organs.

The organization of the embryo into three layers roughly corresponds to the

organization of the adult, with gut on the inside, epidermis on the outside, and

connective tissue in between. The endoderm is the source of the epithelial linings of

10 the respiratory passages and gastrointestinal tract and gives rise to the pharynx,

esophagus, stomach, intestine and to many associated glands, including salivary glands,

liver, pancreas and lungs. The mesoderm gives rise to smooth muscular coats,

connective tissues, and vessels associated with the tissues and organs; mesoderm also

forms most of the cardiovascular system and is the source of blood cells and bone

15 marrow, the skeleton, striated muscles, and the reproductive and excretory organs.

Ectoderm will form the epidermis (epidermal layer of the skin), the sense organs, and

the entire nervous system, including brain, spinal cord, and all the outlying components

of the nervous system.

20 While a majority of the cells progress through the sequence of development and

differentiation, a few cells leave this pathway to become reserve stein cells that provide

for the continual maintenance and repair of the organism. Reserve stem cells include

progenitor stem cells and pluripotent stem cells. Progenitor cells (e.g., precursor stem

cells, immediate stem cells, and forming or -blast cells, e.g., myoblasts, adipoblasts,

25 chondroblasts, etc.) are lineage-committed. Unipotent stem cells will form tissues

restricted to a single lineage (such as the myogenic, fibrogenic, adipogenic,

chondrogenic, osteogenic lineages, etc.). Bipotent stem cells will form tissues

belonging to two lineages (such as the chondro-osteogenic, adipo-fibroblastic lineages,

etc.). Tripotent stem cells will form tissues belonging to three lineages (such as

30 chondro-osteo-adipogenic lineage, etc.). Multipotent stem cells will form multiple cell

types within a lineage (such as the hematopoietic lineage). Progenitor stem cells will
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form tissues limited to their lineage, regardless of the inductive agent that may be

added to the medium. They can remain quiescent. Lineage-committed progenitor cells

are capable of self-replication but have a limited life-span ( approximately 50-70 cell

doublings) before programmed cell senescence occurs. They can also be stimulated by

5 various growth factors to proliferate. If activated to differentiate, these cells require

progression factors (i.e., insulin, insulin-like growth factor-I, and insulin-like growth

factor-II) to stimulate phenotypic expression.

In contrast, pluripotent cells are lineage-uncommitted, i.e., they are not committed to

10 any particular tissue lineage. They can remain quiescent. They can also be stimulated

by growth factors to proliferate. If activated to proliferate, pluripotent cells are capable

of extended self-renewal as long as they remain lineage-uncommitted. Pluripotent cells,

have the ability to generate various lineage-committed progenitor cells from a single

clone at any time during their life span. For example, a prenatal pluripotent mouse

15 clone after more than 690 doublings (Young et al 1998a) and a postnatal pluripotent

rat clone after more than 300 doublings (Young et al 1999) were both induced to form

lineage-committed progenitor cells that after long term dexamethasone exposure, went

on to differentiate into skeletal muscle, fat, cartilage, that exhibited characteristic

morphological and phenotypic expression markers. This lineage-commitment process

20 necessitates the use of either general (e.g., dexamethasone) or lineage-specific (e.g.,

bone morphogenetic protein-2, muscle morphogenetic protein, etc.) commitment

induction agents. Once pluripotent cells are induced to commit to a particular tissue

lineage, they assume the characteristics of lineage-specific progenitor cells. They can

remain quiescent or they can proliferate, under the influence of specific inductive

25 agents. Their ability to replicate is limited to approximately 50-70 cell doublings before

programmed cell senescence occurs and they require the assistance of progression

factors to stimulate phenotypic expression.

Embryonic stem cells are uncommitted, totipotent cells isolated from embryonic tissue.

30 When injected into embryos, they can give rise to all somatic lineages as well as

functional gametes. In the undifferentiated state these cells are alkaline phosphatase-
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positive, express immunological markers for embryonic stem and embryonic germ

cells, are telomerase positive, and show capabilities for extended self-renewal. Upon

differentiation these cells express a wide variety of cell types, derived from ectodermal,

mesoderm, and endodermal embryonic germ layers. Embryonic stem (ES) cells have

5 been isolated from the blastocyst, inner cell mass or gonadal ridges of mouse, rabbit,

rat, pig, sheep, primate and human embryos (Evans and KaufTrnan, 1981; Iannaccone

et al., 1994; Graves and Moreadith, 1993; Martin, 1981; Notarianni et al., 1991;

Thomson, et al., 1995; Thomson, et al., 1998; Shamblott, et al., 1998).

10 ES cells are used for both in vitro and in vivo studies. ES cells retain their capacity for

multilineage differentiation during genetic manipulation and clonal expansion. The

uncommitted cells provide a model system from which to study cellular differentiation-

and development and provide a powerful tool for genome manipulation, e.g. when

used as vectors to carry specific mutations into the genome (particularly the mouse

15 genome) by homologous recombination (Brown et al., 1992). While ES cells are a

potential source of cells for transplantation studies, these prospects have been

frustrated by the disorganized and heterogeneous nature of development in culture,

stimulating the necessary development of strategies for selection of lineage-restricted

precursors from differentiating populations (Li et al., 1998). E cells implanted into

20 animals or presented subcutaneously form teratomas-tumors containing various types

of tissues containing derivatives of all three germ layers (Thomson et al., 1988).

Examples of progenitor and pluripotent stem cells from the mesodermal germ layer

include the unipotent myosatellite myoblasts of muscle (Mauro, 1961; Campion, 1984;

25 Grounds et al., 1 992); the unipotent adipoblast cells of adipose tissue (Ailhaud e£ a].,

1992); the unipotent chondrogenic cells and osteogenic cells of the perichondrium and

periosteum, respectively (Cruess, 1982; Young et al., 1995); the bipotent

adipofibroblasts of adipose tissue (Vierck ej; al., 1996); the bipotent

chondrogenic/osteogenic stem cells ofmarrow (Owen, 1988; Beresford, 1989; Rickard

30 el a]., 1994; Caplan et al., 1 997; Prockop, 1997); the tripotent chondrogenic/

osteogenic/adipogenic stem cells ofmarrow (Pittenger et al., 1999); the multipotent
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hematopoietic stem cells ofmarrow (Palis and Segel, 1998; McGuire, 1998; Ratajczak

et al., 1998); the multipotent cadiogenic/hematopoietic/endotheliogenic cells of

marrow (Eisenberg and Markwald, 1997); and the pluripotent mesenchymal stem cells

of the connective tissues (Young g£ al, 1993, 1998a; Rogers el al, 1995).

5

Pluripotent mesenchymal stem cells and methods of isolation and use thereof are

described in United States Patent No. 5,827,735, issued October 27, 1998, which is

hereby incorporated by reference in its entirety. Such pluripotent mesenchymal stem

cells are substantially free of lineage-committed cells and are capable of differentiating

10 into multiple tissues of mesodermal origin, including but not limited to bone, cartilage,

muscle, adipose tissue, vasculature, tendons, ligaments and hematopoietic. Further

compositions of such pluripotent mesenchymal stem cells and the particular use of

pluripotent mesenchymal stem cells in cartilage repair are described in United States

Patent No. 5, 906,934, issued May 25, 1999, which is hereby incorporated by

15 reference in its entirety.

Progenitor or pluripotent stem cell populations having mesodermal lineage capability

have been isolated from multiple animal species, e.g., avians (Young et al,, 1992a,

1993, 1995), mice (Rogers etal, 1995; Saitoelai, 1995; Young el al, 1998a), rats

20 (Grigoriadis et al., 1988; Lucas etal., 1995, 1996; Dixon elal, 1996; Warejcka et aj.,

1996), rabbits (Pate el al, 1993; Wakitani glal, 1994; Grande etal., 1995; Young,

R.G. et al., 1998), and humans (Caplan §1 al., 1993; Young, 1999a-c). Clonogenic

analysis (isolation of individual clones by repeated limiting serial dilution) from

populations of mesodermal stem cells isolated from prenatal chicks (Young et al.,

25 1993) and prenatal mice (Rogers et al., 1995; Young et al., 1998a) revealed two

categories of cells: lineage-committed progenitor cells and lineage-uncommitted

pluripotent cells. Non-immortalized progenitor cells are capable of self-replication but

have a finite life-span limited to approximately 50-70 cell doublings before

programmed cell senescence occurs. They can remain quiescent or be induced to

30 proliferate, progress down their lineage pathway, and/or differentiate. One unique

characteristic of progenitor cells is that their phenotypic expression can be accelerated
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by treatment with progression factors such as insulin, insulin-like growth factor-I (IGF-

I), or insulin-like growth factor-II (IGF-II) (Young et al., 1993, 1998a,b; Young,

1999a; Rogers et al., 1995).

5 Progenitor cells are lineage-committed and lineage-restricted. They can remain

quiescent or be induced to proliferate, progress down their lineage pathway, and/or

differentiate by treatment with appropriate bioactive factors (Young et al., 1998b). By

contrast, pluripotent mesenchymal stem cells PPMSCs were found to be lineage-

uncommitted and lineage-unrestricted, with respect to the mesodermal germ layer.

10 PPMSCs from prenatal animals were capable of extended self-renewal as long as they

remain uncommitted to a particular lineage. Once PPMSCs commit to a particular

tissue lineage they assume the characteristics of progenitor cells for that lineage and ^

their ability to replicate is limited to approximately 50-70 cell doublings before

programmed cell senescence occurred. PPMSCs could remain quiescent, and if not,

15 appropriate bioactive factors were necessary to induce proliferation, lineage-

commitment, lineage-progression, and/or differentiation of stem cells (Young et al.,

1998b).

The formation of tissues and organs occurs naturally in early normal human

20 development, however, the ability to regenerate most human tissues damaged or lost

due to trauma or disease is substantially diminished in adults. Every year millions of

Americans suffer tissue loss or end-stage organ failure. The total national health care

costs for these patients exceeds 400 billion dollars per year. Currently over 8 million

surgical procedures are performed annually in the United States to treat these disorders

25 and 40 to 90 million hospital days are required. Although these therapies have saved

and improved countless lives, they remain imperfect solutions. Options such as tissue

transplantation and surgical intervention are severely limited by a critical donor

shortage and possible long term morbidity. Indeed, donor shortages worsen every year

and increasing numbers of patients die while on waiting lists for needed organs (Langer

30 and Vicanti, 1993).
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Tissue engineering is an interdisciplinary field that applies the principles of engineering

and the life sciences toward the development of biological substitutes that restore,

maintain, or improve tissue function (Langer and Vicanti, 1993). Three general

strategies have been adopted for the creation of new tissue: (1). Isolated cells or cell

5 substitutes applied to the area of tissue deficiency or compromise. (2). Cells placed

on or within matrices. In closed systems, cells are isolated from the body by a

membrane allowing permeation of nutrients and wastes while excluding large entities

such as antibodies or immune cells from destroying the implant. In open systems, cells

attached to matrices are implanted and become incorporated into the body. (3).

10 Tissue-inducing substances, that rely on growth factors to regulate specific cells to a

committed pattern of growth resulting in tissue regeneration, and method's to deliver

these substances to their targets.

Based on available evidence, a wide variety of transplants, congenital malformations,

15 elective surgeries, diseases, and genetic disorders have the potential for treatment with

pluripotent stem cells, alone or in combination with morphogenetic proteins, growth

factors, genes, and/or controlled-release delivery systems. A preferred treatment is the

treatment of tissue loss where the object is to increase the number of cells available for

transplantation, thereby recreating the missing tissue (i.e., tissue loss, congenital

20 malformations, breast reconstruction, blood transfusions, or muscular dystrophy) or

providing sufficient numbers of cells for ex vivo gene therapy (muscular dystrophy).

The expected benefit using pluripotent stem cells, is its potential for unlimited

proliferation prior to (morphogenetic protein-induced) commitment to a particular

tissue lineage and then once committed as a progenitor stem cell, an additional fifty to

25 seventy doublings before programmed cell senescence. These proliferative attributes

are very important when limited amounts of tissue are available for transplantation.

Tissue loss may result from acute injuries as well as surgical interventions, i.e.,

amputation, tissue debridement, and surgical extirpations with respect to cancer,

traumatic tissue injury, congenital malformations, vascular compromise, elective

30 surgeries, etc. and account for approximately 3.5 million operations per year in the

United States.
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The expected benefits from the use ofvarious pluripotent stem cells can be illustrated

in considering, for example, applications of pluripotent mesenchymal stem cells.

Pluripotent mesenchymal stem cells can be utilized for the replacement of potentially

multiple tissues of mesodermal origin (i.e., bone, cartilage, muscle, adipose tissue,

5 vasculature, tendons, ligaments and hematopoietic), such tissues generated, for

instance, ex vivo with specific morphogenetic proteins and growth factors to recreate

the lost tissues. The recreated tissues would then be transplanted to repair the site of

tissue loss. An alternative strategy could be to provide pluripotent stem cells, as

cellular compositions or incorporated, for instance, into matrices, transplant into the

10 area of need, and allow endogenous morphogenetic proteins and growth factors to

induce the pluripotent stem cells to recreate the missing histoarchitecture of the tissue.

This approach is exemplified in U.S. Patent No. 5,903,934 which is incorporated

herein in its entirety, which describes the implanting of pluripotent mesenchymal stem

cells into a polymeric carrier, to provide differentiation into cartilage and/or bone at a

15 site for cartilage repair.

The identification of an additional tissue source for transplantation therapies, that (a)

can be isolated and sorted; (b) has unlimited proliferation capabilities while retaining

pluripotentcy; (c) can be manipulated to commit to multiple separate tissue lineages;

20 (d) is capable of incorporating into the existing tissue; and (d) can subsequently

express the respective differentiated tissue type, may prove beneficial to therapies that

maintain or increase the functional capacity and/or longevity of lost, damaged, or

diseased tissues.

25 The citation of references herein shall not be construed as an admission that such is

prior art to the present invention.

SUMMARY OF THE INVENTION
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In its broadest aspect, the present invention extends to an stem cell, derived from non-

embryonic animal cells or tissue, capable of self regeneration and capable of

differentiation to cells of endodermal, ectodermal and mesodermal lineages.

5 In a particular aspect, the present invention extends to an pluripotent embryonic-like

stem cell, derived from postnatal animal cells or tissue, capable of self regeneration and

capable of differentiation to cells of endodermal, ectodermal and mesodermal lineages.

In a further aspect, the present invention extends to an pluripotent embryonic-like stem

10 cell, derived from adult animal cells or tissue, capable of self regeneration and capable

of differentiation to cells of endodermal, ectodermal and mesodermal lineages.

The pluripotent embryonic-like stem cell of the present invention may be isolated from

non-human cells or human cells.

15

The pluripotent embryonic-like stem cell of the present invention may be isolated from

the non-embryonic tissue selected from the group of muscle, dermis, fat, tendon,

ligament, perichondrium, periosteum, heart, aorta, endocardium, myocardium,

epicardium, large arteries and veins, granulation tissue, peripheral nerves, peripheral

20 ganglia, spinal cord, dura, leptomeninges, trachea, esophagus, stomach, small

intestine, large intestine, liver, spleen, pancreas, parietal peritoneum, visceral

peritoneum, parietal pleura, visceral pleura, urinary bladder, gall bladder, kidney',

associated connective tissues or bone marrow.

25 This invention further relates to cells, particularly pluripotent or progenitor cells, which

are derived from the pluripotent embryonic-like stem cell. The cells may be lineage-

committed cells, which cells may be committed to the endodermal, ectodermal or

mesodermal lineage. For instance, a lineage-committed cell of the mesodermal lineage,

for instance an adipogenic, myogenic or chondrogenic progenitor cell may be derived

30 from the pluripotent embryonic-like stem cell.
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The invention also relates to pluripotent cells derived from the pluripotent embryonic-

like stem cells, including pluripotent mesenchymal stem cells, pluripotent endodermal

stem cells and pluripotent ectodermal stem cells. Any such pluripotent cells are

capable of self-renewal and differentiation.

5

In a further aspect, the present invention relates to a culture comprising:

(a) Pluripotent embryonic-like stem cells, capable of self regeneration and

capable of differentiation to cells of endodermal, ectodermal and mesodermal lineages;

and

10 (b) a medium capable of supporting the proliferation of said stem cells.

Such stem cell containing cultures may further comprise a proliferation factor or

lineage commitment factor. The stem cells of such cultures may be isolated from non-

human cells or human cells.

15

The invention further relates to methods of isolating an pluripotent embryonic-like

stem cell. In particular, a method of isolating an pluripotent embryonic-like stem cell

of the present invention, comprises the steps of:

(a) obtaining cells from a non-embryonic animal source;

20 (b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl

sulfoxide until a final temperature of -80°C is reached; and

(c) culturing the cells.

The invention further relates to methods of isolating an pluripotent embryonic-like

25 stem cell. In particular, a method of isolating an pluripotent embryonic-like stem cell

of the present invention, comprises the steps of:

(a) obtaining cells from a postnatal animal source;

(b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl

sulfoxide until a final temperature of -80°C is reached; and

30 (c) culturing the cells.
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The invention further relates to methods of isolating an pluripotent embryonic-like

stem cell. In particular, a method of isolating an pluripotent embryonic-like stem cell

of the present invention, comprises the steps of:

(a) obtaining cells from an adult animal source;

5 (b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl

sulfoxide until a final temperature of -80°C is reached; and

(c) culturing the cells.

The invention further relates to methods of isolating an pluripotent embryonic-like

10 stem cell. In particular, a method of isolating an pluripotent embryonic-like stem cell

of the present invention, comprises the steps of:

(a) obtaining cells from a non-embryonic animal source;

(b) filtering said cells through a 20 um filter;

(c) slow freezing said cells in medium containing 7.5% (v/v) dimethyl

1 5 sulfoxide until a final temperature of -80°C is reached; and

(d) culturing the cells.

In a further aspect, the methods of isolating an pluripotent embryonic-like stem cell

relate to methods whereby a clonal population of such stem cells is isolated, wherein a

20 single pluripotent embryonic-like stem cell is first isolated and then further cultured and

expanded to generate a clonal population. A single pluripotent embryonic-like stem

cell may be isolated by means of limiting dilution or such other methods as are known

to the skilled artisan.

25 Thus, the present invention also relates to a clonal pluripotent embryonic-like stem cell

line developed by such method.

In a particular aspect, the present invention relates to pluripotent embryonic-like stem

cells or populations of such cells which have been transformed or transfected and

30 thereby contain and can express a gene or protein of interest. Thus, this invention

includes pluripotent embryonic-like stem cells genetically engineered to express a gene
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or protein of interest. In as much as such genetically engineered stem cells can then

undergo lineage-committment, the present invention further encompasses lineage-

committed cells, which are derived from a genetically engineered pluripotent

embryonic-like stem cell, and which express a gene or protein of interest. The

5 lineage-committed cells may be endodermal, ectodermal or mesodermal lineage-

committed cells and may be pluripotent, such as a pluripotent mesenchymal stem cell,

or progenitor cells, such as an adipogenic or a myogenic cell.

The invention then relates to methods of producing a genetically engineered

10 pluripotent embryonic-like stem cell comprising the steps of:

(a) transfecting pluripotent embryonic-like stem cells with a DNA construct

comprising at least one of a marker gene or a gene of interest;

(b) selecting for expression of the marker gene or gene of interest in the

pluripotent embryonic-like stem cells;

15 (c) culturing the stem cells selected in (b).

In a particular aspect, the present invention encompasses genetically engineered

pluripotent embryonic-like stem cell(s), including human and non-human cells,

produced by such method.

20

The present invention further relates to methods for detecting the presence or activity

of an agent which is a lineage-commitment factor comprising the steps of:

A. contacting the pluripotent embryonic-like stem cells of the present

invention with a sample suspected of containing an agent which is a lineage-

25 commitment factor; and

B. determining the lineage of the so contacted cells by morphology,

mRNA expression, antigen expression or other means;

wherein the lineage of the contacted cells indicates the presence or activity of a

lineage-commitment factor in said sample.

30
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The present invention also relates to methods of testing the ability of an agent,

compound or factor to modulate the lineage-commitment of a lineage uncommitted

cell which comprises

A. culturing the pluripotent embryonic- like stem cells of the present

5 invention in a growth medium which maintains the stem cells as lineage uncommited

cells;

B. adding the agent, compound or factor under test; and

C. determining the lineage of the so contacted cells by morphology,

mRNA expression, antigen expression or other means.

10
- V

The invention includes an assay system for screening of potential agents, compounds

or drugs effective to modulate the proliferation or lineage-commitment of the

pluripotent embryonic-like stem cells of the present invention.

15 In a further such aspect, the present invention relates to an assay system for screening

agents, compounds or factors for the ability to modulate the lineage-commitment of a

lineage uncommitted cell, comprising:

A. culturing the pluripotent embryonic-like stem cells of the present

invention in a growth medium which maintains the stem cells as lineage uncommited

20 cells;

B. adding the agent, compound or factor under test; and

C. determining the lineage of the so contacted cells by morphology,

mRNA expression, antigen expression or other means.

25 The invention also relates to a method for detecting the presence or activity of an

agent which is a proliferation factor comprising the steps of:

A. contacting the pluripotent embryonic- like stem cells of the present

invention with a sample suspected of containing an agent which is a proliferation

factor; and

30 B. determining the proliferation and lineage of the so contacted cells by

morphology, mRNA expression, antigen expression or other means;
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wherein the proliferation of the contacted cells without lineage commitment

indicates the presence or activity of a proliferation factor in said sample.

In a further aspect, the invention includes methods of testing the ability of an agent,

5 compound or factor to modulate the proliferation of a lineage uncommitted cell which

comprises

A. culturing the pluripotent embryonic- like stem cells of the present

invention in a growth medium which maintains the stem cells as lineage uncommited

cells;

10 B. adding the agent, compound or factor under test; and

C. determining the proliferation and lineage of the so contacted cells by

mRNA expression, antigen expression or other means.

The invention further relates to an assay system for screening agents, compounds or

15 factors for the ability to modulate the proliferation of a lineage uncommitted cell,

comprising:

A. culturing the pluripotent embryonic-like stem cells of the present

invention in a growth medium which maintains the stem cells as lineage uncommited

cells;

20 B. adding the agent, compound or factor under test; and

C. determining the proliferation and lineage of the so contacted cells by

mRNA expression, antigen expression or other means.

The assay system could importantly be adapted to identify drugs or other entities that

25 are capable ofmodulating the pluripotent embryonic-like stem cells of the present

invention, either in vitro or in vivo. Such an assay would be useful in the development

of agents, factors or drugs that would be specific in modulating the pluripotent

embryonic-like stem cells to, for instance, proliferate or to commit to a particular

lineage or cell type. For example, such drugs might be used to facilitate cellular or

30 tissue transplantation therapy.
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The assay system(s) could readily be adapted to screen, identify or "characterize genes

encoding proliferation or lineage-commitment factors or encoding proteins or

molecules otherwise involved in cellular differentiation and development. For instance,

genes encoding proteins involved in or expressed during differentiation along a

5 particular lineage could be identified by known methods (for instance cDNA libraries,

differential display, etc). Thus, the pluripotent embryonic- like stem cells ofthe

present invention could be cultured under conditions giving rise to a particular lineage

and the genes therein expressed then characterized. Factors and proteins necessary for

maintaining the pluripotent embryonic- like stem cells of the present invention in a

10 pluripotent embryonic-like state might also be similarly identified and characterized by

culturing the pluripotent embryonic- like stem cells of the present invention under

conditions maintaining their self-renewal capacity and characterizing the genes and ~

proteins so expressed or which, when provided exopgenously, will maintain the self-

renewal capacity.

15

In a further embodiment, the present invention relates to certain therapeutic methods

which would be based upon the activity of the pluripotent embryonic-like stem cells of

the present invention, including cells or tissues derived therefrom, or upon agents or

other drugs determined to act on any such cells or tissues, including proliferation

20 factors and lineage-commitment factors. One exemplary therapeutic method is

associated with the prevention or modulation ofthe manifestations of conditions

causally related to or following from the lack or insufficiency of cells of a particular

lineage, and comprises administering the pluripotent embryonic-like stem cells of the

present invention, including cells or tissues derived therefrom, either individually or in

25 mixture with proliferation factors or lineage-commitment factors in an amount

effective to prevent the development or progression of those conditions in the host.

In a further and particular aspect the present invention includes therapeutic methods,

including transplantation of the pluripotent embryonic-like stem cells of the present

30 invention, including lineage-uncommitted populations of cells, lineage-committed

populations of cells, tissues and organs derived therefrom, in treatment or alleviation of
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conditions, diseases, disorders, cellular debilitations or deficiencies which would

benefit from such therapy. These methods include the replacement or replenishment of

cells, tissues or organs. Such replacement or replenishment may be accomplished by

transplantation of the pluripotent embryonic-like stem cells of the present invention or

5 by transplantation of lineage-uncommitted populations of cells, lineage-committed

populations of cells, tissues or organs derived therefrom.

Thus, the present invention includes a method of transplanting pluripotent embryonic-

like stem cells in a host comprising the step of introducing into the host the pluripotent

10 embryonic-like stem cells of the present invention.

In a further aspect this invention provides a method of providing a host with purified
r"

pluripotent embryonic-like stem cells comprising the step of introducing into the host

the pluripotent embryonic-like stem cells of the present invention.

In a still further aspect, this invention includes a method of in vivo administration of a

protein or gene of interest comprising the step of transfecting the pluripotent

embryonic-like stem cells of the present invention with a vector comprising DNA or

RNA which expresses a protein or gene of interest.

5

The present invention provides a method of tissue repair or transplantation in

mammals, comprising administering to a mammal a therapeutically effective amount of

pluripotent embryonic-like stem cells.

10 The present invention provides a method of preventing and/or treating cellular

debilitations, derangements and/or dysfunctions and/or other disease states in

mammals, comprising administering to a mammal a therapeutically effective amount of

pluripotent embryonic-like stem cells.

15 In a further aspect, the present invention provides a method of preventing and/or

treating cellular debilitations, derangements and/or dysfunctions and/or other disease
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states in mammals, comprising administering to a mammal a therapeutically effective

amount of a endodermal, ectodermal or mesodermal lineage-committed cell derived

from the pluripotent embryonic-like stem cells of the present invention.

5 The therapeutic method generally referred to herein could include the method for the

treatment of various pathologies or other cellular dysfunctions and derangements by

the administration of pharmaceutical compositions that may comprise proliferation

factors or lineage-commitment factors, alone or in combination with the pluripotent

embryonic-like stem cells of the present invention, or cells or tissues derived

10 therefrom, or other similarly effective agents, drugs or compounds identified for

instance by a drug screening assay prepared and used in accordance with a further

aspect of the present invention.

It is a still further object of the present invention to provide pharmaceutical

15 compositions for use in therapeutic methods which comprise or are based upon the

pluripotent embryonic-like stem cells of the present invention, including lineage-

uncommitted populations of cells, lineage-committed populations of cells, tissues and

organs derived therefrom, along with a pharmaceutically acceptable carrier. Also

contemplated are pharmaceutical compositions comprising proliferation factors or

20 lineage commitment factors that act on or modulate the pluripotent embryonic-like

stem cells of the present invention and/or the cells, tissues and organs derived

therefrom, along with a pharmaceutically acceptable carrier. The pharmaceutical

compositions of proliferation factors or lineage commitment factors may be further

comprise the pluripotent embryonic-like stem cells of the present invention, or cells,

25 tissues or organs derived therefrom. The pharmaceutical compositions may comprise

the pluripotent embryonic-like stem cells of the present invention, or cells, tissues or

organs derived therefrom, in a polymeric carrier or extracellular matrix.

This invention also provides pharmaceutical compositions for the treatment of cellular

30 debilitation, derangement and/or dysfunction in mammals, comprising:
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A. a therapeutically effective amount of the pluripotent embryonic-like

stem cells of the present invention; and

B. a pharmaceutical^ acceptable medium or carrier.

5 Pharmaceutical compositions of the present invention also include compositions

comprising endodermal, ectodermal or mesodermal lineage-committed cell(s) derived

from the pluripotent embryonic-like stem cells of the present invention, and a

pharmaceutical^ acceptable medium or carrier. Any such pharmaceutical

compositions may further comprise a proliferation factor or lineage-commitment

10 factor.

The present invention relates to pluripotent stem cells capable of differentyiating into -

cells of the mesenchymal type (PPMSCs), wherein such cells are positive for or

express the antigenic markers CD 10, CD13, CD34, CD56, CD90 and MHC Class-I.

15 The PPMSCs of the present invention are negative for the markers CD la, CD2, CD3,

CD4, CD5, CD7, CD8, CD9, CDllb, CDllc, CD14, CD15, CD16, CD18, CD19,

CD20, CD22.CD23, CD24, CD25, CD31, CD33, CD36, CD38, CD41, CD42b,

CD44, CD45, CD49d, CD55, CD57, CD59, CD61, CD62E, CD65, CD66e, CD68,

CD69, CD71, CD79, CD83, CD95, CD105, CD117,CD123, CD166, Glycophorin-A

20 DRII, FLT3, FMC-7, Annexin, and LIN.

The present invention further relates to pluripotent stem cells which are positive for or

express the antigenic markers CD la, CD 10, CD41, CD66e and Annexin and are

negative for or do not express the markers CD2, CD3, CD4,CD5, CD7, CD8, CD9,

25 CD1 lb, CD1 lc, CD13, CD14, CD15, CD16, CD18, CD19, CD20.CD22, CD23,

CD24, CD25, CD31, CD33, CD34, CD36, CD38, CD42b, CD44, CD45, CD49d,

CD55, CD56, CD57, CD59, CD61.CD62E, CD65, CD68, CD69, CD71,CD79,CD83,

CD90, CD95, CD105, CD117.CD123, CD166, Glycophorin-A, DRII,Class-I, FLT3,

FMC-7, and LIN.

30
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The present invention also includes pluripotent stem cells which are positive for or

express the antigenic markers CD la, CD 10, CD22 and Annexin and are negative for or

do not express the markers CD2, CD3, CD4.CD5, CD7, CD8, CD9, CD1 lb, CD1 1c,

CD13, CD14, CD15, CD16, CD18, CD19, CD20, CD23, CD24, CD25, CD31, CD33,

5 CD34, CD36, CD38, CD41, CD42b, CD44, CD45, CD49d, CD55, CD56, CD57,

CD59, CD61,CD62E, CD65, CD66e, CD68, CD69, CD71,CD79,CD83, CD90,

CD95, CD105, CD117,CD123, CD166, Glycophorin-A, DRII,Class-I, FLT3, FMC-7,

Annexin, and LIN.

10 The present invention still further relates to pluripotent stem cells which are positive

for or express the antigenic markers CD 10 and CD22 and are negative for or do not

express the markers CDla, CD2, CD3, CD4,CD5, CD7, CD8, CD9, CD1 lb, CD1 lc,-

CD13, CD14, CD15, CD16, CD18, CD19, CD20, CD23, CD24, CD25, CD31, CD33,

CD34, CD36, CD38, CD41, CD42b, CD44, CD45, CD49d, CD55, CD56, CD57,

15 CD59, CD61.CD62E, CD65, CD66e, CD68, CD69, CD71,CD79,CD83, CD90,

CD95, CD105, CD117.CD123, CD166, Glycophorin-A, DRII,Class-I, FLT3, FMC-7,

Annexin, and LIN.

The present invention naturally contemplates several means or methods for preparation

20 or isolation of the pluripotent embryonic-like stem cells of the present invention

including as illustrated herein, and the invention is accordingly intended to cover such

means or methods within its scope.

Other objects and advantages will become apparent to those skilled in the art from a

25 review of the following description which proceeds with reference to the following

illustrative drawings.

30

BRIEF DESCRIPTION OF THE DRAWINGS
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FIGURE 1A and B A. Cells isolated from adult rat marrow in primary culture 6

days after isolation. Phase contrast, lOOx. Note cells in straight lines. B. Same as A.

Phase contrast, 200x.

5 FIGURE 2A-C A. Cells isolated from adult rat marrow, secondary culture, 35 days in

culture. Controls. Stained with an antibody to a- myosin. Phase contrast, lOOx. B.

Cells isolated from adult rat marrow, secondary culture, 35 days in culture treated with

10"7 M dexamethasone. Stained with an antibody to a- myosin. Phase contrast, 200x.

Arrows point to multinucleated myotubes. C. Cells isolated from adult rat marrow,

10 secondary culture, 35 days in culture treated with 10"8 M dexametasone. Stained with

an antibody to a- smooth muscle actin. Bright field, 200x. sm = smooth muscle.

FIGURE 3A-C A. Cells isolated from adult rat marrow, secondary culture, 35 days in

culture treated with 10'8 M dexamethasone. Stained with Alcian blue, pH 1 .0. Bright

15 field, lOOx. Arrows point to cartilage nodules. B. Cells isolated from adult rat

marrow, secondary culture, 35 days in culture treated with 10~8 M dexamethasone.

Stained with Alcian blue, pH 1.0. Bright field, 200x. c = cartilage. A small myotube

can be seen just below the cartilage nodule. C. Cells isolated from adult rat marrow,

secondary culture, 35 days in culture treated with 10"9M dexamethasone. Stained with

20 Von Kossa's. Bright field, 200x. Arrow points to mineral in the cartilage nodule.

FIGURE 4A-C A. Cells isolated from adult rat marrow, secondary culture, 35 days in

culture treated with 10"8 M dexamethasone. Stained with Sudan Black B. Bright field,

200x. a = adipocyte. B. Cells isolated from adult rat marrow, secondary culture, 35

25 days in culture treated with 10~ 10M dexamethasone. Stained with Von Kossa's. Bright

field, 200x. b = bone. C. Cells isola

ted from adult rat marrow, secondary culture, 35 days in culture treated with

10"9 M dexamethasone. Stained with Von Kossa's but pretreated with EGTA. Bright

ield, 200x. b = bone.
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FIGURE 5A and B A. Cells isolated from adult rat marrow, secondary culture, 35

days in culture treated with 10"6 M dexamethasone. Cells incubated with rhodamine-

labeled acylated low density lipoprotein. Phase contrast, lOOx. Arrows point to cells

stained in B. B. Same cells as A photographed under fluorescence.

5

FIGURE 6A-B Phase contrast photomicrographs of primary cultures of cells isolated

from day 7 wound chambers. Original magnification = 200x. A. Cells after 4 days in

culture. B. Cells after 8 days in culture. Arrows point to stellate-shaped cells.

10 FIGURE 7A-C Secondary cultures of cells after 4 weeks in culture. A. Phase

contrast photomicrograph of a control culture from a 7 day wound chamber stained

with Alcian blue, pH 1.0. Original magnification = 200x. B. Phase contrast

photomicrograph of an unstained culture from a day 7 wound chamber treated with 10

7 M dexamethasone showing multinucleated cells. Arrows point to clusters of nuclei.

15 Original magnification = lOOx. C. Light photomicrograph of a culture from a day 14

wound chamber treated with 1

0"7 M dexamethasone and stained with an antibody to

sarcomeric myosin. Arrows point to nuclei. Original magnification = 200x.

FIGURE 8A-C Secondary cultures of cells after 5 weeks in culture. Original

20 magnification = 200x. A. Phase contrast photomicrograph of a culture from a day 14

wound chamber treated with 10'7M dexamethasone stained with Alcian blue, pH 1 .0.

c = cartilage. B. Phase contrast photomicrograph of a culture from day 7 wound

chamber treated with 10"7 M dexamethasone stained with Alcian blue, pH 1 .0. c =

cartilage; a = adipocyte. C. Light photomicrograph of a culture from day 7 wound

25 chamber treated with 10"6 M dexamethasone and stained with Von Kossa's. b = bone.

FIGURE 9A and B Secondary cultures of cells after 5 weeks in culture. A. Phase

contrast photomicrograph of a culture from a day 7 wound chamber treated with 10"9

M dexamethasone and stained with Sudan black B. a = adipocytes. Original

30 magnification = 200x. B. Light photomicrograph of a culture treated from a day 14
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wound chamber with 10"6 M dexamethasone and stained with an antibody to smooth

muscle cc-actin. sm = smooth muscle. Original magnification = lOOx.

FIGURE 10A and B Secondary culture of cells after 5 weeks in culture from a day 7

5 wound chamber treated with 10"6 M dexamethasone and incubated with acetylated low

density lipoprotein. Original magnification = 200x A. Phase contrast

photomicrograph. Arrows point to cells stained in B. B. Fluorescent

photomicrograph of field shown in A. Arrows point to the same cells as in A

10 FIGURE 11A-C A. Primary culture from 77 year old female, 5 days in culture. Phase

contrast lOOx. s = stellate cell m = myoblast. B. Primary culture from 77 year old

female, 14 days in culture. Phase contrast lOOx stained with antibody to myosin. s"

stellate (putative PPMSC), m = myotubes. C. Secondary culture (PPMSCs) from 77-

year-old female, 35 days in culture. Phase contrast 200x.

15

FIGURE 12A-B A. Secondary culture of cells derived from 37-year-old male, 35

days in culture. Bright field 200x stained with an antibody to myosin. B. Secondary

culture of cells derived from 37-year-old male 35 days in culture and treated with 10'10

M dexamethasone. Bright field 200x stained with an antibody to myosin. Arrows

20 point to nuclei.

FIGURE 13A-D A. Secondary culture derived from 77-year-old female, 28 days in

culture and treated with 10'8 M dexamethasone. Phase contrast, 200x. Spindle shaped

cells in swirl patterns. B. Secondary culture of cells derived from 37-year-old male, 35

25 days in culture, and treated with 10"8M dexamethasone. Bright field, 200x stained

with Alcian Blue, pH 1.0. c = cartilage. C. Secondary culture of cells derived from 37-

year-old male, 35 days in culture, and treated with 10'8M dexamethasone. Bright

field, 200x stained with Von Kossa's stain, b = bone. Arrows point to adipocytes in

the same culture. D. Secondary culture of cells derived from 37-year-old male, 35 days

30 in culture, and treated with 10"7 M dexamethasone. Bright field, 200x stained with

Von Kossa's stain but pretreated with EGTA. b = bone.
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FIGURE 14A-C A. Secondary culture of cells derived from 37-year-old male, 35

days in culture, and treated with 10"7 M dexamethasone. Bright field, lOOx stained

with Sudan Black B. Arrows point to adipocytes. B. Secondary culture of cells

5 derived from 37-year-old male, 35 days in culture, and treated with 10"6 M
dexamethasone. Bright field, lOOx and stained with antibody to smooth muscle oc-

actin. sm = smooth muscle. C. Same as B but shown at 200x.

FIGURE 15A and B A. Secondary culture of cells derived from 37-year-old male,

10 35 days in culture, and treated with 10"7 M dexamethasone. Phase contrast, 200x but

cells incubated with acetylated LDL. Arrows point to cells that fluoresce in B. B.

Same field as A but under fluorescent light. Arrows point to endothelial cells.

FIGURE 16A- B A. Secondary culture of cells derived from 37-year-old male, 2

15 days in culture, and not treated with dexamethasone (Controls). Bright field, 200x.

Cells have been fixed with ethanol, are in suspension, and have been stained with an

antibody to CD34. Arrows point to cells in B. B. Same field as A but under

fluorescent light. Arrows point to cells that are CD34 positive.

20 FIGURE 17A-C shows 3T3 cells in secondary culture after 35 days. A. Control

cultures, phase contrast. B. Culture treated with 10' 10 M dexamethasone, phase

contrast, a = adipocytes, arrows point to lipid droplets. C. Culture treated with 10'7

M dexamethasone stained with Sudan black B, bright field, a = adipocytes. Original

magnification = 200x.

25

FIGURE 18A-C shows 3T3 cells in secondary culture. A. Culture treated with 10
-8

M dexamethasone for 14 days, phase contrast. Myotube, arrows point to nuclei. B.

Culture treated with 10"7 M dexamethasone for 14 days stained with a monoclonal

antibody to sarcomeric myosin, bright field. Arrow points to myotube. C. Culture

30 treated with 10"7 M dexamethasone for 14 days, phase contrast, cm = cardiac

myocyte.
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FIGURE 19A-C shows 3T3 cells in secondary culture after 35 days. A. Culture

treated with 10"7 M dexamethasone stained with Alcian blue, bright field, c = cartilage

nodule. Original magnification = lOOx. B. Culture treated with 10"9M dexamethasone

stained with Alcian blue, bright field, c = cartilage nodule. Original magnification =

5 200x. C. Culture treated with 10"7 M dexamethasone stained with Von Kossa's stain,

bright field, b = bone. Original magnification = 200x.

FIGURE 20A and B shows 3T3 cells in secondary culture after 35 days stained with

a monoclonal antibody to smooth muscle cc-actin. A. Control culture, no

10 dexamethasone. B. Culture treated with 10"6M dexamethasone, bright field,

sm. = smooth muscle cells. Original magnification = 200x.

FIGURE 21A-C shows 3T3 cells in secondary culture after 35 days, incubated with

acetylated-LDL and viewed with fluorescent microscopy. A. Control culture, no

1 5 dexamethasone. Original magnification = 1 OOx. B. Culture treated with 1
0'6M

dexamethasone. Original magnification = lOOx. C. Culture treated with 1
0"7M

dexamethasone. Original magnification = 200x.

FIGURE 22A-B. CF-SkM propagated to 30 cell doublings and incubated with insulin

20 or dexamethasone for 0 to six weeks. Morphologies as noted. A. Cells treated for

one week with 2 ug/ml insulin. Note presence of four nuclei (arrows) within linear

structure, indicative of a multinucleated myotube, MT. Orig. mag., 10X. B. Cells

treated for two weeks with 10"6 M dexamethasone. Note presence of clusters of cells

(arrows) containing intracellular refractile vesicles indicative of adipogenic cells. Orig.

25 mag., 10X. C. Cells treated for four weeks with 10"6M dexamethasone. Note

presence Of nodular mass of cells with pericellular matrix halos, indicative of cartilage

nodule (CN) overlying multiple multinucleated linear structures indicative of myotubes

(MTs). Orig. mag., 10X. B. Cells treated for six weeks with 2 ug/ml insulin. Note

presence of three-dimensional matrix (delineated by arrows) overlying cell cluster,

30 indicative of bone nodule (BN). Orig. mag., 10X.
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FIGURE 23. Flow cytometry of cluster differentiation markers. "X"-axis and

"Y"-axis as noted on figure. NHDF propagated to 30 cell doublings and analyzed with

antibodies to cell surface cluster differentiation markers.

5 FIGURE 24. Flow cytometry of cluster differentiation markers. "X"-axis and

"Y"-axis as noted on figure. NHDF propagated to 30 cell doublings and analyzed with

antibodies to cell surface cluster differentiation markers.

FIGURE 25. Northern analysis of cluster differentiation markers CD 10, CD 13, and

10 CD56 for cell lines CF-SkM, NHDF, and PAL#3. Cells were propagated to 30 cell

doublings, harvested, total RNAs extracted, electrophoresed, and probed with

32P-labeled cDNAs to CD10, CD13, CD56, and b-actin (control). As shown, mRNAs

for CD 1 3 , CD56, and b-actin were being actively transcribed at time of cell harvest.

15 FIGURE 26A-D. NHDF propagated as noted and incubated with insulin or 10" 10
to

10'6 M dexamethasone for 0 to six weeks. Morphologies as noted. A. Cells at 30 cell

doublings post harvest treated for one week with 2 mg/ml insulin. Note presence of

five nuclei (arrows) with linear structure, indicative of a multinucleated myotube, MT.

Mag. 125X. B. Cells at 80 cell doublings after harvest treated for two weeks with 10"6

20 M dexamethasone. Note presence of cells (arrows) containing intracellular refractile

vesicles indicative of adipogenic cells. Mag., 125X. C. Cells at 80 cell doublings after

harvest treated for four weeks with 10"6 M dexamethasone. Note presence of nodular

mass of cells with pericellular matrix halos, indicative of cartilage nodule (CN). Mag.,

25X. D. Cells at 80 cell doublings after harvest treated for six weeks with 1

0"6 M
25 dexamethasone. Note presence of three-dimensional matrix (delineated by arrow)

overlying cell cluster, indicative ofbone nodule (BN). Mag., 40X.

FIGURE 27. Flow cytometry of FSC x SSC showing Rl gated cell population of

NHDF used for analysis. A similar Rl gate was used to analyze CM-SkM, CF-SkM,

30 PAL #2, PAL #3.
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FIGURE 28. Flow cytometry of cluster differentiation markers. "X"-axis denotes

forward scatter (0 to 1000 linear scale) and "Y"-axis denotes side scatter (0 to 1000

linear scale). NHDF propagated to 30 cell doublings after harvest and analyzed with

antibodies to cell surface cluster differentiation markers CD4 vs. CD3, CD8 vs. CD3,

5 CD4 vs. CD8, CD34 vs. CD33, CD45 vs. CD33, CD34 vs. CD45, CD1 lc vs.

Glycophorin-A HLA-II (DR) vs. Glycophorin-A, and CD1 lc vs. HLA-II (DR).

FIGURE 29. Flow cytometry of cluster differentiation markers. "X"-axis denotes

forward scatter (0 to 1000 linear scale) and "Y"-axis denotes side scatter (0 to 1000

10 linear scale). NHDF propagated to 30 cell doublings after harvest and analyzed with

antibodies to cell surface clusterdifferentiation markers CD 117 vs. CD36, CD45 vs.

CD36, CD1 17 vs. GD45, CD34 vs. CD90, CD45 vs. CD90, CD34 vs. CD45, CD34 ~

vs. CD38, CD45 vs. CD38, and CD34 vs. CD45.

15 FIGURE 30. Northern analysis of cluster differentiation markers CD34 and CD90 for

cell lines CF-SkM, NHDF, and PAL#3. Cells were propagated to 30 cell doublings

after tissue harvest and released with trypsin. Total RNAs were extracted,

electrophoresed, and probed with 32P-labeled cDNAs to CD34, CD90, and b-actin

(control). As shown, mRNAs for CD90 and b-actin were being actively transcribed at

20 time of cell harvest.

FIGURE 31A-C A. Mesenchymal stem cells isolated from 37 year old male treated

with 10'8 M Dexamethasone, 35 days in culture. Large cell with single nucleus.

Reminiscent ofmacrophage in culture. Phase contrast, 200x. B. Mesenchymal stem

25 cells isolated from 37 year old male treated with 10'7 M dexamethasone, 35 days in

culture. Cell with small cell body and thin, extensive cell processes. Resembles neuron

in culture. Phase contrast, 200x. C. Mesenchymal stem cells isolated from newborn

rat treated with 10'7 M dexamethasone, 35 days in culture. Cell looks very similar to

that seen in B. Also resembles neuron in culture. Phase contrast, 200x.
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FIGURE 32A-Y Human cell lines CF-NHDF2 and PAL3 incubated with insulin

and/or dexamethasone for 0 to six weeks. Morphologies as noted. A, CF-NHDF2

treated in control medium for 24 hr, note presence of stellate-shaped mononucleated

cells with large nuclear to cytoplasmic ratios, phase contrast, 200X; B, CF-NHDF2

5 treated for one week with 1% HS +10"6 M dexamethasone + 2 ug/ml insulin and then

stained with antibody to myogenin (F5D), note stellate-shaped cell with intracellular

cytoplasmic staining, indicative of a muscle (mesodermal) lineage, brightfield, 100X;

C, CF-NHDF2 treated for two weeks with 1% HS +10"6 M dexamethasone + 2 ug/ml

insulin and then stained with antibody to myogenin (F5D), note binuclear and

10 mononucleated cells with intracellular cytoplasmic staining, indicative of a muscle

(mesodermal) lineage, brightfield, 100X; D, CF-NHDF2 treated for two weeks with

1% HS +10"6 M dexamethasone + 2 ug/ml insulin and then stained with antibody to -

sarcomeric myosin (MF-20), note mononucleated cells with intracellular cytoplasmic

staining, indicative of a muscle (mesodermal) phenotype, brightfield, 100X; E, CF-

15 NHDF2 treated for two weeks with 1% HS +10'6 M dexamethasone + 2 ug/ml insulin

and then stained with antibody to anti-skeletal muscle fast myosin (MY-32), note

mononucleated cells with intracellular cytoplasmic staining, indicative of a skeletal

muscle (mesodermal) phenotype, brightfield, 100X; F, CF-NHDF2 treated for three

weeks with 1% HS +10"6M dexamethasone + 2 ug/ml insulin and then stained with

20 antibody to anti-skeletal muscle fast myosin (MY-32), note multinucleated structure

demonstrating intracellular cytoplasmic staining, indicative of a skeletal muscle

(mesodermal) phenotype, brightfield, 200X; G, CF-NHDF2 treated for two weeks

with 1% HS +10"6 M dexamethasone + 2 ug/ml insulin and then stained with antibody

to myosin heavy chain (ALD-58), note stellate structures demonstrating intracellular

25 cytoplasmic staining, indicative of a skeletal muscle (mesodermal) phenotype,

brightfield, 100X; H, CF-NHDF2 treated for two weeks with 1% HS +10'6 M
dexamethasone + 2 ug/ml insulin and then stained with antibody to myosin fast chain

(A4.74), note stellate structures demonstrating intracellular cytoplasmic staining,

indicative of a skeletal muscle (mesodermal) phenotype, brightfield, 100X; I, CF-

30 NHDF2 treated for three weeks with 1% HS + 1

0"6M dexamethasone + 2 ug/ml

insulin, note linear multinucleated structure, indicative of a skeletal muscle



WO 01/21767 PCT/US00/26225

28

(mesodermal) phenotype, phase contrast, 100X; J, CF-NHDF2 treated for six weeks

with 1% HS +10"6 M dexamethasone + 2 ug/ml insulin, note large linear and branched

multinucleated structures, indicative of a skeletal muscle (mesodermal) phenotype,

phase contrast, 100X; K, CF-NHDF2 treated for two weeks with 1% HS +10"6 M
5 dexamethasone + 2 ug/ml insulin and then stained with antibody to smooth muscle

alpha-actin (1 A4), note binuclear-stellate cell with intracellular cytoplasmic staining,

alpha-actin intracellular staining of a binuclear-stellate is suggestive of a cardiac muscle

phenotype, brightfield, 100X; L, CF-NHDF2 treated for two weeks with 1% HS +10'6

M dexamethasone + 2 ug/ml insulin and then stained with antibody to smooth muscle

10 alpha-actin (1A4), note mononuclear-stellate cells with intracellular cytoplasmic

staining, smooth muscle alpha-actin intracellular staining of a mononuclear-stellate is

indicative of a smooth muscle (mesodermal) phenotype, phase contrast, 1 00X; M,

PAL3 treated for four weeks with 1%, 5%, or 10% HS +10"6 M dexamethasone + 2

ug/ml insulin and then stained with Sudan Black-B for saturated neutral lipids, note

15 mononucleated cells containing intracellular-stained vesicles, indicative of an

adipbgenic (mesodermal) phenotype, brightfield, 100X; N, CF-NHDF2 treated for

three weeks with 5% or 10% HS

+10"6 M dexamethasone and 2 ug/ml insulin and then stained with.antibody to type-II

pro-collagen (CIIC1), note mononuclear-stellate cell with intracellular cytoplasmic

20 staining, type-II procollagen intracellular staining of a mononuclear-stellate cell is

indicative of a commitment to the chondrogenic (mesodermal) lineage, brightfield,

200X; O, CF-NHDF2 treated for three weeks with 5% or 10% HS +10"6 M
dexamethasone and 2 ug/ml insulin and then stained with antibody to collagen type-II

(HC-I1), note mononuclear-stellate cell with intracellular cytoplasmic staining, type-II

25 collagen intracellular staining of a mononuclear-stellate cell is indicative of a

commitment to the chondrogenic (mesodermal) lineage, brightfield, 100X; P, CF-

NHDF2 treated for three week's with 5% or 10% HS +10"6 M dexamethasone and 2

ug/ml insulin and then stained with antibody to type-II collagen (D19), note

mononuclear-stellate cells with intracellular cytoplasmic staining, type-II collagen

30 intracellular staining of a mononuclear-stellate is indicative of a commitment to the

chondrogenic (mesodermal) lineage, brightfield, 100X; Q, PAL3 treated for six weeks
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with 5% or 10% HS +10'6 M dexamethasone and 2 ug/ml insulin and then stained

histochemically for chondroitin sulfate and keratan sulfate proteoglycans (Alcian Blue,

pH 1 .0), dark stained nodule indicative of chondrogenic (mesodermal) phenotype,

brightfield, 100X; R, PAL3 treated for six weeks with 5% or 10% HS +10"6 M
5 dexamethasone and 2 ug/ml insulin and then stained histochemically for chondroitin

sulfate and keratan sulfate proteoglycans (Perfix/Alcec Blue), dark stained nodule

indicative of chondrogenic (mesodermal) phenotype, brightfield, 50X; S, CF-NHDF2

treated for two weeks with 5% or 10% HS +10"6 M dexamethasone and 2 ug/ml

insulin and then stained with antibody to bone sialoprotein (WV1D1), note

10 mononuclear-stellate cells with intracellular cytoplasmic staining, bone sialoprotein

intracellular staining of a mononuclear-stellate cell is indicative of commitment to the

osteogenic (mesodermal) lineage, brightfield, 100X; T, CF-NHDF2 treated for two -

weeks with 5% or 10% HS +10"6 M dexamethasone and 2 ug/ml insulin and then

stained with antibody to osteopontine (MP1 1 1), note mononuclear-stellate cells with

15 intracellular cytoplasmic staining, osteopontine intracellular staining of a mononuclear-

stellate cell is indicative of commitment to the osteogenic (mesodermal) lineage,

brightfield, 100X; U, PAL3 treated for six weeks with 5% or 10% HS +10"6 M
dexamethasone and 2 ug/ml insulin and then stained histochemically for calcium

phosphate (von Kossa), note black-stained nodules, von Kossa-positive staining of the

20 three dimensional matrix of multiple nodules is indicative of an osteogenic

(mesodermal) phenotype, brightfield, 50X; V, CF-NHDF2 treated for two weeks with

1% or 5% HS +10"6M dexamethasone + 2 ug/ml insulin and then stained with

antibody to human-specific fibroblast specific protein (HFSP), note mononuclear-

stellate cells with intracellular cytoplasmic staining, fibroblast-specific protein staining

25 of a mononuclear-stellate is indicative of a fibrogenic (mesodermal) phenotype,

brightfield, 100X; W, CF-NHDF2 treated for two weeks with 1% or 5% HS +10'6 M
dexamethasone + 2 ug/ml insulin and then stained with antibody to peripheral

endothelial cell adhesion molecule, PECAM (P2B1), note mononuclear-stellate cells

with intracellular cytoplasmic staining, PECAM-staining of a mononuclear-stellate is

30 indicative of an endothelial (mesodermal) phenotype, brightfield, 200X; X, CF-NHDF2

treated for two weeks with 1% or 5% HS +10"6 M dexamethasone + 2 ug/ml insulin
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and then stained with antibody to human-specific endothelial cell surface marker

(HEndo), note mononuclear-stellate cells with intracellular cytoplasmic staining,

HEndo-staining of a mononuclear-stellate is indicative of an endothelial (mesodermal)

phenotype, brightfield, 40X; Y, CF-NHDF2 treated for two weeks with 1% or 5% HS

5 +10"6M dexamethasone + 2 ug/ml insulin and then stained with antibody to vascular

endothelial cell adhesion molecule, VCAM (P8B1), note mononuclear-stellate cells

with intracellular cytoplasmic staining, VCAM-staining of a mononuclear-stellate is

indicative of an endothelial (mesodermal) phenotype, brightfield, 40X.

10 FIGURE 33A-R Human cell line incubated with insulin and/or dexamethasone for 0

to six weeks. Morphologies as noted. A, CF-NHDF2 treated for two weeks with 1%

or 5% HS +10"6 M dexamethasone + 2 ug/ml insulin and then stained with antibody to-

selectin-E (P2H3), note mononuclear-stellate cells with intracellular cytoplasmic

staining, selectin-E staining of a mononuclear-stellate is indicative of an endothelial

15 (mesodermal) phenotype, brightfield, 100X; B, CF-NHDF2 treated for two weeks with

1% or 5% HS +10"6 M dexamethasone + 2 ug/ml insulin and then stained with

antibody to CD34 sialomucin (CD34), note mononuclear-stellate cells with

intracellular cytoplasmic staining, CD34 sialomucin-staining of a mononuclear-stellate

is suggestive of either an endothelial or hematopoietic (mesodermal) lineage,

20 brightfield, 1 00X; C, CF-NHDF2 treated for four weeks with 1% HS +1

M

dexamethasone + 2 ug/ml insulin and then stained with antibody to neural precursor

cells (FORSE-1), note mononuclear-stellate cells with intracellular cytoplasmic

staining, FORSE-1 intracellular staining of mononuclear-stellate cells is indicative of

commitment to the neuronal (ectodermal) lineage, brightfield, 1 00X; D, CF-NHDF2

25 treated for four weeks with 1% HS +10"6 M dexamethasone + 2 ug/ml insulin and then

stained with antibody to neurofilaments (RT-97), note mononuclear-stellate cells with

intracellular cytoplasmic staining, neurofilament intracellular staining of mononuclear-

stellate cells is indicative of commitment to the neuronal (ectodermal) lineage,

brightfield, iOOX; E, CF-NHDF2 treated for four weeks with 1% HS +10"6 M
30 dexamethasone + 2 ug/ml insulin and then stained with antibody to neurons (8A2),

note mononuclear-stellate cells with intracellular cytoplasmic staining, neuronal
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intracellular staining of raononuclear-stellate cells is indicative ofcommitment to the

neuronal (ectodermal) lineage, brightfield, 100X; F, CF-NHDF2 treated for four weeks

with 1% HS +10'6M dexamethasone + 2 ug/ml insulin and then stained with antibody

to neuroglia (CNPase), note mononuclear-stellate cells with intracellular cytoplasmic

5 staining, neuroglial staining of mononuclear-stellate cells is indicative of commitment

to the neuronal (ectodermal) lineage, brightfield, 100X; G, CF-NHDF2 treated for four

weeks with 1% HS +10"6M dexamethasone + 2 ug/ml insulin and then stained with

antibody to neurons (S-100), note mononuclear-stellate cells with intracellular

cytoplasmic staining, neuronal staining of mononuclear-stellate cells is indicative of

10 commitment to the neuronal (ectodermal) lineage, brightfield, 100X; H, CF-NHDF2

treated for four weeks with 1% HS +10"6 M dexamethasone + 2 ug/ml insulin and then

stained with antibody to neuronal filament-200 (N-200), note mononuclear-stellate
"

cells with intracellular neurofilament staining, neurofilament staining of mononuclear-

stellate cells is indicative of commitment to the neuronal (ectodermal) lineage,

15 brightfield, 100X; I, CF-NHDF2 treated for four weeks with 1% HS +10 6 M
dexamethasone + 2 ug/ml insulin and then stained with antibody to human-specific

nestin, a neural precursor cell marker (HNES), note mononuclear-stellate cells with

intracellular cytoplasmic staining, nestin intracellular staining of mononuclear-stellate

cells is indicative of commitment to the neuronal (ectodermal) lineage, phase contrast,

20 1 00X; J, CF-NHDF2 treated for four weeks with 1% HS +10"6 M dexamethasone + 2

ug/ml insulin and then stained with antibody to nestin, a neuronal precursor cell marker

(MAB-353), note mononuclear-stellate cells with intracellular cytoplasmic staining,

nestin intracellular staining of mononuclear-stellate cells is indicative of commitment to

the neuronal (ectodermal) lineage, phase contrast, 100X; K, CF-NHDF2 treated for

25 two weeks with 1% or 5% HS +10"6 M dexamethasone + 2 ug/ml insulin and then

stained with antibody to keratinocytes (VM-1), note mononuclear-stellate cells with

intracellular cytoplasmic staining, keratinocyte-staining of a mononuclear-stellate is

indicative of an epidermal (ectodermal) phenotype, brightfield, 40X.; L, CF-NHDF2

treated for two weeks with 1% or 5% HS +I0"
6 M dexamethasone + 2 ug/'mi insuiin

30 and then stained with antibody to human-specific alpha-fetoprotein (HAFP), note

mononuclear-stellate cells with intracellular cytoplasmic vesicular staining, alpha-
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fetoprotein intracellular vesicular staining of mononuclear-stellate cells is indicative of

commitment to the hepatic (endodermal) lineage, brightfield, 100X; M, CF-NHDF2

treated for four weeks with 1% or 5% HS +10"6 M dexamethasone + 2 ug/ml insulin

and then stained with antibody to human-specific alpha-fetoprotein (HAFP), note

5 binuclear cell with intracellular cytoplasmic vesicular staining, alpha-fetoprotein

intracellular vesicular staining of binuclear cell is indicative of commitment to the

hepatic (endodermal) lineage, brightfield, 100X; N, CF-NHDF2 treated for two weeks

with 1% or 5% HS +10 * M dexamethasone + 2 ug/ml insulin and then stained with

antibody to human-specific epithelial-specific antigen (HESA), note mononuclear-

10 stellate cells with intracellular cytoplasmic vesicular staining, epithelial-specific

intracellular vesicular staining of mononuclear-stellate cells is indicative of commitment

to the epithelial (endodermal) lineage, brightfield, 100X; O, CF-NHDF2 treated with -

control media for one week and then stained with antibody to stage-specific embryonic

antigen- 1, SSEA-1 (MC-480), note mononuclear-stellate cells with intracellular

15 cytoplasmic vesicular staining, SSEA-1 staining of mononuclear stellate cells is

indicative of embryonic stem cells, brightfield, 100X; P, CF-NHDF2 treated with

control media for two weeks and then stained with antibody to stage-specific

embryonic antigen-3, SSEA-3 (MC-63 1), note mononuclear-stellate cells with

intracellular cytoplasmic vesicular staining, SSEA-3 staining of mononuclear stellate

20 cells is indicative of embryonic stem cells, brightfield, 100X; Q, CF-NHDF2 treated

with control media for four weeks and then stained with antibody to stage-specific

embryonic antigen-4, SSEA-4 (MC-813-70), note mononuclear-stellate cells with

intracellular cytoplasmic vesicular staining, SSEA-4 staining of mononuclear stellate

cells is indicative of embryonic stem cells, brightfield, 100X; and R, CF-NHDF2

25 treated with control media for six weeks and then stained with antibody to human

carcinoembryonic antigen (HCEA), note mononuclear-stellate cells with intracellular

cytoplasmic vesicular staining, human carcinoembryonic antigen staining of

mononuclear stellate cells is indicative of embryonic stem cells, brightfield, 100X.

30 FIGURE 34 A-R NHDF-2 Cells incubated in CM only (A-D) or CM plus

dexamethasone (E-R) for 24 hr (A) or 56 days (B-R). Cells photographed at same
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original magnification (100X) in either phase contrast (A,L) or bright field (B-K,M-R)

microscopy. A Eight very small cells with high nuclear to cytoplasmic ratios.

B Two very small cells heavily stained with antibody to stage-specifica embryonic

antigen-1 (MC480). C Single very small cell (arrow) stained with antibody to stage-

5 specific embryonic antigen-3 (MC631).

d Single very samll cell (arrow) heavily stained with antibody to stage-specific

embryonic antigen-4 (MC8 13-70).

e Four cells (arrows) stained with antibody to nestin (MAB353).

f Four cells stained with antibody to neurons (S-100).

10 g Multiple cells stained with antibody to neurofilaments (RT-97).

h Single cell with long cell processes (arrows) stained with antibody to neurofilaments

(N-200).

i Single cell stained with antibody for neuroglia (CNPase).

j Two cells (arrows stained with antibody for keratinocytes (YM-1).

15 k Two cells (arrows) stained with antibody to myogenin (F5D).

1 Two structures (arrows) containing multiple linearly arranged nuclei.

m Multiple cells containing Oil Red-0 staiend intracellular vesicles.

n Single cell stained with antibody to typ-II collagen (CIIC1).

o Four cells (arrows) stained intracellular^ with antibody to bone sialoprotein-Il

20 (WV1D1).

p Multiple cells staining with an antibody to peripheral eel adhesion molecule

(PECAM, P2B1).

q Three cells (arrows) with intracellular vesicles stained for antibody to human-

specific alpha-fetoprotein (HAFP).

25 r Single cell (arrow) heavily stained with antibody to human-specific gastrointestinal

epithelial-specific antigen (HESA).

30 FIGURE 35: Co-culture ofROSA26 PPSCs and rat astrocytes for 21 days stained

with X-gal and GFAP. lOOx. Cells stained with both the dark blue of the antibody
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color reagent and blue-green of X-gal. Black arrows point to double-stained cells and

white arrows to ROSA PPSCs not stained for GFAP.

FIGURE 36: Co-culture ofROSA26 PPSCs and rat astrocytes for 21 days stained

5 with X-gal and GFAP. 40x. Can see astrocytes stained (white arrows) and then cells

double-stained (black arrows).

FIGURE 37: Co-culture ofROSA26 PPSCs and rat astrocytes for 21 days stained

with X-gal and GFAP. 40x. White arrows point to ROSA26 PPSCs single stained for

10 X-gal (undifferentiated) while black arrows point to ROSA cells double stained for

X-gal and GFAP (differentiated).

FIGURE 38: PPSCs isolated from rat skeletal muscle (RraSC-1) treated with 10-7 M
dexamethasone for 21 days and then stained with anti-CNPase. lOOx. White arrow

15 points to artifact. Black arrows point to cells positive for CNPase.

FIGURE 39: PPSCs isolated from rat skeletal muscle (RmSC-1) treated with 10-7 M
dexamethasone for 21 days and then stained with antibody to IA4. Phase contrast;

lOOx. Black arrows point to stained cells.

20

FIGURE 40: PPSCs isolated from rat skeletal muscle (RmSC-1) then treated with

conditioned medium from rat astrocytes for 21 days and stained with antibody RT-97.

Phase contrast; 1 OOx.

25 FIGURE 41: Karyotype 46, XX ofCT3F cells at 37 cell doublings, isolated from a

17 year old female dermal biopsy.

FIGURE 42 depicts in vitro differentiation ofPPSCs on Matrigel in the presence of

1% HS 10. Tube formation is evident.

30
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FIGURE 43 depicts in vitro differentiation ofPPSCs on Matrigel in the presence of

1% HS 10 and VEGF. Tube formation is evident.

FIGURE 44 depicts PPSC localization in the bone marrow one week after IV

5 injection into an ischemic animal.

DETAILED DESCRIPTION

10

In accordance with the present invention there may be employed conventional

molecular biology, microbiology, and recombinant DNA techniques within the skill of"

the art. Such techniques are explained fully in the literature. See, e.g., Sambrook et al,

"Molecular Cloning: A Laboratory Manual" (1 989); "Current Protocols in Molecular

15 Biology" Volumes I-III [Ausubel, R. M., ed. (1994)]; "Cell Biology: A Laboratory

Handbook" Volumes I-III [J. E. Celis, ed. (1994))]; "Current Protocols in

Immunology" Volumes I-III [Coligan, J. E., ed. (1994)]; "Oligonucleotide Synthesis"

(M.J. Gait ed. 1984); "Nucleic Acid Hybridization" [B.D. Hames & S.J. Higgins eds.

(1985)]; "Transcription And Translation" [B.D. PHames & S.J. Higgins, eds. (1984)];

20 "Animal Cell Culture" [R.I. Freshney, ed. (1986)]; "Immobilized Cells And Enzymes"

[IRL Press, (1986)]; B. Perbal, "A Practical Guide To Molecular Cloning" (1984).

If appearing herein, the following terms shall have the definitions set out below.

25 The terms "embryonic-like pluripotent stem cell", "embryonic-like pluripotent stem

cells", "embryonic-like stem cells", "pluripotent embryonic-like stem cell", "epiblastic-

like stem cell", pluripotent epiblastic-like stem cell", "PPELSC", "PPSC" and "stem

cells" and any variants not specifically listed, may be used herein interchangeably, and

as used throughout the present application and claims extends to those cell(s) and/or

30 cultures, clones, or populations of such cell(s) which are derived from non-embryonic

or postnatal animal cells or tissue, are capable of self regeneration and capable of
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differentiation to cells of endodermal, ectodermal and mesodermal lineages. The

embryonic-like pluripotent stem cells have the profile of capabilities and characteristics

set forth herein and in the Claims.

5 The embryonic-like pluripotent stem cell(s) of the present invention are lineage

uncommitted, i.e., they are not committed to any particular germ layer, e.g., endoderm,

mesoderm, ectoderm, or notochord. They can remain quiescent. They can also be

stimulated by particular growth factors to proliferate. If activated to proliferate,

embryonic-like pluripotent stem cells are capable of extended self-renewal as long as

10 they remain lineage-uncommitted. This commitment process necessitates the use of

general or specific lineage-commitment agents.

"Lineage-commitment" refers to the process by which individual cells commit to

subsequent and particular stages of differentiation during the developmental sequence

1 5 leading to the formation of a life form.

The term "lineage-uncommitted" refers to a characteristic of cell(s) whereby the

particular cell(s) are not committed to any next subsequent stage of differentiation

(e.g., germ layer lineage or cell type) of the developmental sequence.

20

The term "lineage-committed" refers to a characteristic of cell(s) whereby the

particular cell(s) are committed to a particular next subsequent stage of differentiation

(e.g., germ layer lineage or cell type) of the developmental sequence. Lineage-

committed cells, for instance, can include those cells which can give rise to progeny

25 limited to a single lineage within a germ layers, e.g., liver, thyroid (endoderm), muscle,

bone (mesoderm), neuronal, melanocyte, epidermal (ectoderm), etc.

"Pluripotent endodermal stem cell(s)" are capable of self renewal or differentiation into

any particular lineage within the endodermal germ layer. Pluripotent endodermal stem

30 cells have the ability to commit within endodermal lineage from a single cell any time

during their life-span. This commitment process necessitates the use of general or
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specific endodermal lineage-commitment agents. Pluripotent endodermal stem cells

may form any cell type within the endodermal lineage, including, but not limited to, the

epithelial lining, epithelial derivatives, and/or parenchyma of the trachea, bronchi,

lungs, gastrointestinal tract, liver, pancreas, urinary bladder, pharynx, thyroid, thymus,

5 parathyroid glands, tympanic cavity, pharyngotympanic tube, tonsils, etc.

"Pluripotent mesenchymal stem cell(s)" are capable of selfrenewal or differentiation

into any particular lineage within the mesodermal germ layer. Pluripotent mesenchymal

stem cells have the ability to commit within the mesodermal lineage from a single cell

10 any time during their life-span. This commitment process necessitates the use of
v

general or specific mesodermal lineage-commitment agents, pluripotent mesenchymal

stem cells may form any cell type within the mesodermal lineage, including, but not
~

limited to, skeletal muscle, smooth muscle, cardiac muscle, white fat, brown fat,

connective tissue septae, loose areolar connective tissue, fibrous organ capsules,

15 tendons, ligaments, dermis, bone, hyaline cartilage, elastic cartilage fibrocartilage,

articular cartilage, growth plate cartilage, endothelial cells, meninges, periosteum,

perichondrium, erythrocytes, lymphocytes, monocytes, macrophages, microglia,

plasma cells, mast cells, dendritic cells, megakaryocytes, osteoclasts, chondroclasts,

lymph nodes, tonsils, spleen, kidney, ureter, urinary bladder, heart, testes, ovaries,

20 uterus, etc.

"Pluripotent ectodermal stem cell(s)" are capable of self renewal or differentiation to

any particular lineage within the ectodermal germ layer. Pluripotent ectodermal stem

cells have the ability to commit within the ectodermal lineage from a single cell any

25 time during their life-span. This commitment process necessitates the use of general or

specific ectodermal lineage-commitment agents. Pluripotent ectodermal stem cells may

form any cell type within the neuroectodermal, neural crest, and/or surface ectodermal

lineages.

30 "Pluripotent neuroectodermal stem cell(s)" are capable of self renewal or

differentiation to any particular lineage within the neuroectodermal layer. Pluripotent
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neuroectodermal stem cells have the ability to commit within the neuroectodermal

lineage from a single cell any time during their life-span. This commitment process

necessitates the use of general or specific neuroectodermal lineage-commitment agents.

Pluripotent neuroectodermal stem cells may form any cell type within the

5 neuroectodermal lineage, including, but not limited to, neurons, oligodendrocytes,

astrocytes, ependymal cells, retina, pineal body, posterior pituitary, etc.

"Pluripotent neural crest stem cell(s)" are capable of self renewal or differentiation to

any particular lineage within the neural crest layer. Pluripotent neural crest stem cells

10 have the ability to commit within the neural crest lineage from a single cell any time

during their life-span. This commitment process necessitates the use of general or

specific neural crest lineage-commitment agents. Pluripotent neural crest stem cells
"

may form any cell type within the neural crest lineage, including, but not limited to,

cranial ganglia, sensory ganglia, autonomic ganglia, peripheral nerves, Schwann cells,

15 sensory nerve endings, adrenal medulla, melanocytes, contribute of head mesenchyme,

contribute to cervical mesenchyme, contribute to thoracic mesenchyme, contribute to

lumbar mesenchyme, contribute to sacral mesenchyme, contribute to coccygeal

mesenchyme, heart valves, heart outflow tract (aorta & pulmonary trunk), APUD

(amine precursor uptake decarboxylase) system, parafollicular "C" (calcitonin

20 secreting) cells, enterochromaffin cells, etc.

"Pluripotent surface ectodermal stem cell(s)" are capable of self renewal or

differentiation to any particular lineage within the surface ectodermal layer. Pluripotent

surface ectodermal stem cells have the ability to commit within the surface ectodermal

25 lineage from a single cell any time during their life-span. This commitment process

necessitates the use of general or specific surface ectodermal lineage-commitment

agents. Pluripotent surface ectodermal stem cells may form any cell type within the

surface ectodermal lineage, including, but not limited to, epidermis, hair, nails, sweat

glands, salivary glands, sebaceous glands, mammary glands, anterior pituitary, enamel

30 of teeth, inner ear, lens of the eye, etc.
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"Progenitor cell(s)" are lineage-committed, i.e., an individual cell can give rise to

progeny limited to a single lineage within their respective germ layers, e.g., liver,

thyroid (endodcrm); muscle, bone (mesoderm), neuronal, melanocyte, epidermal

(ectoderm), etc. They can also be stimulated by particular growth factors to

5 proliferate. If activated to proliferate, progenitor cells have life-spans limited to 50-70

cell doublings before programmed cell senescence and death occurs.

A "clone" or "clonal population" is a population of cells derived from a single, cell or

common ancestor by mitosis. A "cell line" is a clone of a primary cell that is capable of

10 stable growth in vitro for many generations.

A "replicon" is any genetic element (e.g., plasmid, chromosome, virus) that functions

as an autonomous unit ofDNA replication in vivo; i.e., capable of replication under its

own control.

15

A "vector" is a replicon, such as plasmid, phage or cosmid, to which another DNA

segment may be attached so as to bring about the replication of the attached segment.

A "DNA molecule" refers to the polymeric form of deoxyribonucleotides (adenine,

20 guanine, thymine, or cytosine) in its either single stranded form, or a double-stranded

helix. This term refers only to the primary and secondary structure of the molecule,

and does not limit it to any particular tertiary forms. Thus, this term includes double-

stranded DNA found, inter alia, in linear DNA molecules (e.g., restriction fragments),

viruses, plasmids, and chromosomes. In discussing the structure of particular double-

25 stranded DNA molecules, sequences may be described herein according to the normal

convention of giving only the sequence in the 5' to 3' direction along the

nontranscribed strand ofDNA (i.e., the strand having a sequence homologous to the

mRNA).

30 An "origin of replication" refers to those DNA sequences that participate in DNA

synthesis.
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A DNA "coding sequence" is a double-stranded DNA sequence which is transcribed

and translated into a polypeptide in vivo when placed under the control of appropriate

regulatory sequences. The boundaries of the coding sequence are determined by a

start codon at the 5' (amino) terminus and a translation stop codon at the 3' (carboxyl)

5 terminus. A coding sequence can include, but is not limited to, prokaryotic sequences,

cDNA from eukaryotic mRNA genomic DNA sequences from eukaryotic (e.g.,

mammalian) DNA and even synthetic DNA sequences. A polyadenylation signal and

transcription termination sequence will usually be located 3' to the coding sequence.

10 Transcriptional and translational control sequences are DNA regulatory sequences,

such as promoters, enhancers, polyadenylation signals, terminators, and the like, that

provide for the expression of a coding sequence in a host cell.

A "promoter sequence" is a DNA regulatory region capable of binding RNA

15 polymerase in a cell and initiating transcription of a downstream (3' direction) coding

sequence. For purposes of defining the present invention, the promoter sequence is

bounded at its 3' terminus by the transcription initiation site and extends upstream (5'

direction) to include the minimum number ofbases or elements necessary to initiate

transcription at levels detectable above background. Within the promoter sequence

20 will be found a transcription initiation site (conveniently defined by mapping with

nuclease SI), as well as protein binding domains (consensus sequences) responsible for

the binding ofRNA polymerase. Eukaryotic promoters will often, but not always,

contain "TATA" boxes and "CAT" boxes. Prokaryotic promoters contain Shine-

Dalgarno sequences in addition to the -10 and -35 consensus sequences.

25

An "expression control sequence" is a DNA sequence that controls and regulates the

transcription and translation of another DNA sequence. A coding sequence is "under

the control" of transcriptional and translational control sequences in a cell when RNA

polymerase transcribes the coding sequence into mRNA which is then translated into

30 the protein encoded by the coding sequence.
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A "signal sequence" can be included before the coding sequence. This sequence

encodes a signal peptide, N-terminal to the polypeptide, that communicates to the host

cell to direct the polypeptide to the cell surface or secrete the polypeptide into the

media, and this signal peptide is clipped offby the host cell before the protein leaves

5 the cell. Signal sequences can be found associated with a variety of proteins native to

prokaryotes and eukaryotes.

The term "oligonucleotide," as used herein in referring to the probe of the present

invention, is defined as a molecule comprised oftwo or more ribonucleotides,

10 preferably more than three. Its exact size will depend upon many factors which, in

turn, depend upon the ultimate function and use of the oligonucleotide.

The term "primer" as used herein refers to an oligonucleotide, whether occurring

naturally as in a purified restriction digest or produced synthetically, which is capable

15 of acting as a point of initiation of synthesis when placed under conditions in which

synthesis of a primer extension product, which is complementary to a nucleic acid

strand, is induced, i.e., in the presence of nucleotides and an inducing agent such as a

DNA polymerase and at a suitable temperature and pH. The primer may be either

single-stranded or double-stranded and- must be sufficiently long to prime the synthesis

20 of the desired extension product in the presence of the inducing agent. The exact

length of the primer will depend upon many factors, including temperature, source of

primer and use of the method. For example, for diagnostic applications, depending on

the complexity of the target sequence, the oligonucleotide primer typically contains 15-

25 or more nucleotides, although it may contain fewer nucleotides.

25

The primers are selected to be "substantially" complementary to different strands of a

particular target DNA sequence. This means that the primers must be sufficiently

complementary to hybridize with their respective strands. Therefore, the primer

sequence need not reflect the exact sequence of the template. For example, a non-

30 complementary nucleotide fragment may be attached to the 5' end of the primer, with

the remainder of the primer sequence being complementary to the strand.
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Alternatively, non-complementary bases or longer sequences can be interspersed into

the primer, provided that the primer sequence has sufficient complementarity with the

sequence of the strand to hybridize therewith and thereby form the template for the

synthesis of the extension product.

5

As used herein, the terms "restriction endonucleases" and "restriction enzymes" refer

to bacterial enzymes, each ofwhich cut double-stranded DNA at or near a specific

nucleotide sequence.

10 A cell has been "transformed" or "transfected" by exogenous or heterologous DNA

when such DNA has been introduced inside the cell. The transforming or transfecting

DNA may or may not be integrated (covalently linked) into chromosomal DNA

making up the genome of the cell. In prokaryotes, yeast, and mammalian cells for

example, the transforming or transfecting DNA may be maintained on an episomal

15 element such as a plasmid. With respect to eukaryotic cells, a stably transformed or

transfected cell is one in which the transforming or transfecting DNA has become

integrated into a chromosome so that it is inherited by daughter cells through

chromosome replication. This stability is demonstrated by the ability of the eukaryotic

cell to establish cell lines or clones comprised of a population ofdaughter cells

20 containing the transforming or transfecting DNA.

Two DNA sequences are "substantially homologous" when at least about 75%

(preferably at least about 80%, and most preferably at least about 90 or 95%) of the

nucleotides match over the defined length ofthe DNA sequences. Sequences that are

25 substantially homologous can be identified by comparing the sequences using standard

software available in sequence data banks, or in a Southern hybridization experiment

under, for example, stringent conditions as defined for that particular system. Defining

appropriate hybridization conditions is within the skill of the art. See, e.g., Maniatis et

al., supra, DNA Cloning, Vols. I & II, supra; Nucleic Acid Hybridization, supra.

30
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A "heterologous" region of the DNA construct is an identifiable segment ofDNA

within a larger DNA molecule that is not found in association with the larger molecule

in nature. Thus, when the heterologous region encodes a mammalian gene, the gene

will usually be flanked by DNA that does not flank the mammalian genomic DNA in

5 the genome of the source organism. Another example of a heterologous coding

sequence is a construct where the coding sequence itself is not found in nature (e.g., a

cDNA where the genomic coding sequence contains introns, or synthetic sequences

having codons different than the native gene). Allelic variations or naturally-occurring

mutational events do not give rise to a heterologous region ofDNA as defined herein.

10

A DNA sequence is "operatively linked" to an expression control sequence when the

expression control sequence controls and regulates the transcription and translation of

that DNA sequence. The term "operatively linked" includes having an appropriate

start signal (e.g., ATG) in front of the DNA sequence to be expressed and maintaining

15 the correct reading frame to permit expression of the DNA sequence under the control

of the expression control sequence and production of the desired product encoded by

the DNA sequence. If a gene that one desires to insert into a recombinant DNA

molecule does not contain an appropriate start signal, such a start signal can be

inserted in front of the gene.

20

The term "standard hybridization conditions" refers to salt and temperature conditions

substantially equivalent to 5 x SSC and 65°C for both hybridization and wash.

However, one skilled in the art will appreciate that such "standard hybridization

conditions" are dependent on particular conditions including the concentration of

25 sodium and magnesium in the buffer, nucleotide sequence length and concentration,

percent mismatch, percent formamide, and the like. Also important in the

determination of "standard hybridization conditions" is whether the two sequences

hybridizing are RNA-RNA, DNA-DNA or RNA-DNA. Such standard hybridization

conditions are easily determined by one skilled in the art according to well known

30 formulae, wherein hybridization is typically 10-20°C below the predicted or determined

Tm with washes of higher stringency, if desired.
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The amino acid residues described herein are preferred to be in the "L" isomeric form.

However, residues in the "D" isomeric form can be substituted for any L-amino acid

residue, as long as the desired factional property of immunoglobulin-binding is retained

by the polypeptide. NH2 refers to the free amino group present at the amino terminus

of a polypeptide. COOH refers to the free carboxy group present at the carboxy

terminus of a polypeptide. In keeping with standard polypeptide nomenclature, J.

Biol. Chem., 243:3552-59 (1969), abbreviations for amino acid residues are shown in

the following Table of Correspondence:

10 TABLE OF CORRESPONDENCE

15

20

25

30

SYMBOL AMINO ACID

1 -Letter 3 -Letter

Y Tyr tyrosine

G Gly glycine

F Phe phenylalanine

M Met methionine

A Ala alanine

S Ser serine

I He isoleucine

L Leu leucine

T Thr threonine

V Val valine

P Pro proline

K Lys lysine

H His histidine

Q Gin glutamine

E Glu glutamic acid

W Trp tryptophan

R Arg arginine

D Asp aspartic acid

N Asn, asparagine
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C Cys cysteine

It should be noted that all amino-acid residue sequences are represented herein by

formulae whose left and right orientation is in the conventional direction of amino-

5 terminus to carboxy-terminus. Furthermore, it should be noted that a dash at the

beginning or end of an amino acid residue sequence indicates a peptide bond to a

further sequence of one or more amino-acid residues. The above Table is presented to

correlate the three-letter and one-letter notations which may appear alternately herein.

10 It should be appreciated that DNA sequences encoding the same amino acid sequence,

may be degenerate to one another. By "degenerate to" is meant that a different three-

letter codon is used to specify a particular amino acid. It is well known in the art that
"

the following codons can be used interchangeably to code for each specific amino acid:

15 Phenylalanine (Phe or F) UUU or UUC

Leucine (Leu or L) UUA or UUG or CUU or CUC or CUA or CUG

Isoleucine (He or I) AUU or AUC or AUA

Methionine (Met or M) AUG

Valine (Val or V) GUU or GUC ofGUA or GUG

20 Serine (Ser or S) UCU or UCC or UCA or UCG or AGU or AGC

Proline (Pro or P) CCU or CCC or CCA or CCG

Threonine (Thr or T) ACU or ACC or ACA or ACG

Alanine (Ala or A) GCU or GCG or GCA or GCG

Tyrosine (Tyr or Y) UAU or UAC

25 Histidine (His or H) CAU or CAC

Glutamine (Gin or Q) CAA or CAG

Asparagine (Asn or N) AAU or AAC

Lysine (Lys or K) AAA or AAG

Aspartic Acid (Asp or D) GAU or GAC

30 Glutamic Acid (Glu or E) GAA or GAG

Cysteine (Cys or C) UGU or UGC
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Arginine (Arg or R)

Glycine (Gly or G)

CGU or CGC or CGA or CGG or AGA or AGG

GGU or GGC or GGA or GGG

Tryptophan (Trp or W) UGG

Termination codon UAA (ochre) or UAG (amber) or UGA (opal)

5

It should be understood that the codons specified above are for RNA sequences. The

corresponding codons for DNA have a T substituted for U.

Mutations or alterations in a DNA or RNA sequence may be made such that a

10 particular codon is changed to a codon which codes for a different amino acid. Such a

mutation is generally made by making the fewest nucleotide changes possible. A

substitution mutation of this sort can be made to change an amino acid in the resulting"

protein in a non-conservative manner (i.e., by changing the codon from an amino acid

belonging to a grouping of amino acids having a particular size or characteristic to an

15 amino acid belonging to another grouping) or in a conservative manner (i.e., by

changing the codon from an amino acid belonging to a grouping of amino acids having

a particular size or characteristic to an amino acid belonging to the same grouping).

Such a conservative change generally leads to less change in the structure and function

of the resulting protein. A non-conservative change is more likely to alter the

20 structure, activity or function of the resulting protein. The present invention should be

considered to include seguences containing conservative changes which do not

significantly alter the activity or binding characteristics of the resulting protein.

The following is one example of various groupings of amino acids:

25 Amino acids with nonpolar R groups

Alanine, Valine, Leucine, Isoleucine, Proline, Phenylalanine, Tryptophan,

Methionine

Amino acids with uncharged polar R groups

30 Glycine, Serine, Threonine, Cysteine, Tyrosine, Asparagine, Glutamine
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Amino acids with charged polar R groups (negatively charged at Ph 6.0)

Aspartic acid, Glutamic acid

Basic amino acids (positively charged at pH 6.0)

5 Lysine, Arginine, Histidine (at pH 6.0)

Another grouping may be those amino acids with phenyl groups:

Phenylalanine, Tryptophan, Tyrosine

10 Another grouping may be according to molecular weight (i.e., size ofR groups):

Glycine 75

Alanine 89

Serine 105

Proline 115

15 Valine 117

Threonine 1 1

9

Cysteine 121

Leucine 1 3

1

Isoleucine 131

20 Asparagine 132

Aspartic acid 133

Glutamine 146

Lysine 1 46

Glutamic acid 147

25 Methionine 149

Histidine (at pH 6.0) 155

Phenylalanine 165

Arginine 174

Tyrosine 181

30 Tryptophan 204
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Particularly preferred substitutions are:

- Lys for Arg and vice versa such that a positive charge may be maintained;

- Glu for Asp and vice versa such that a negative charge may be maintained;

- Ser for Thr such that a free -OH can be maintained; and

5 - Gin for Asn such that a free NH2 can be maintained.

Amino acid substitutions may also be introduced to substitute an amino acid with a

particularly preferable property. For example, a Cys may be introduced a potential site

for disulfide bridges with another Cys. A His may be introduced as a particularly

10 "catalytic" site (i.e., His can act as an acid or base and is the most common amino acid

in biochemical catalysis). Pro may be introduced because of its particularly planar

structure, which induces p-turns in the protein's structure.

Two amino acid sequences are "substantially homologous" when at least about 70% of

15 the amino acid residues (preferably at least about 80%, and most preferably at least

about 90 or 95%) are identical, or represent conservative substitutions.

An "antibody" is any immunoglobulin, including antibodies and fragments thereof, that

binds a specific epitope. The term encompasses polyclonal, monoclonal, and chimeric

20 antibodies, the last mentioned described in further detail in U.S. Patent Nos. 4,816,397

and 4,816,567.

An "antibody combining site" is that structural portion of an antibody molecule

comprised of heavy and light chain variable and hypervariable regions that specifically

25 binds antigen.

The phrase "antibody molecule" in its various grammatical forms as used herein

contemplates both an intact immunoglobulin molecule and an immunologically active

portion of an immunoglobulin molecule.
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Exemplary antibody molecules are intact immunoglobulin molecules, substantially

intact immunoglobulin molecules and those portions ofan immunoglobulin molecule

that contains the paratope, including those portions known in the art as Fab, Fab 1

,

F(ab')2 and F(v), which portions are preferred for use in the therapeutic methods

5 described herein.

Fab and F(ab')
2
portions of antibody molecules are prepared by the proteolytic reaction

of papain and pepsin, respectively, on substantially intact antibody molecules by

methods that are well-known. See for example, U.S. Patent No. 4,342,566 to

10 Theofilopolous et al. Fab' antibody molecule portions are also well-known and are

i

produced from F(ab')2 portions followed by reduction of the disulfide bonds linking the

two heavy chain portions as with mercaptoethanol, and followed by alkylation of the y-

resulting protein mercaptan with a reagent such as iodoacetamide. An antibody

containing intact antibody molecules is preferred herein.

15

The phrase "monoclonal antibody" in its various grammatical forms refers to an

antibody having only one species of antibody combining site capable of

immunoreacting with a particular antigen. A monoclonal antibody thus typically

displays a single binding affinity for any antigen with which it immunoreacts. A

20 monoclonal antibody may therefore contain an antibody molecule having a plurality of

antibody combining sites, each immunospecific for a different antigen; e.g., a bispecific

(chimeric) monoclonal antibody.

The phrase "pharmaceutically acceptable" refers to molecular entities and compositions

25 that are physiologically tolerable and do not typically produce an allergic or similar

untoward reaction, such as gastric upset, dizziness and the like, when administered to a

human.

The phrase "therapeutically effective amount" is used herein to mean an amount <

30 sufficient to prevent, and preferably reduce by at least about 30 percent, more

preferably by at least 50 percent, most preferably by at least 90 percent, a clinically
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significant change in the S phase activity of a target cellular mass, or other feature of

pathology such as for example, elevated blood pressure, fever or white cell count as

may attend its presence and activity.

5 In its primary aspect, the present invention concerns the identification and isolation of

an pluripotent embryonic-like stem cell, derived from non-embryonic animal cells or

tissue, capable of self regeneration and capable of differentiation to cells of

endodermal, ectodermal and mesodermal lineages. The present invention extends to an

pluripotent embryonic-like stem cell, derived from postnatal or adult animal cells or

10 tissue, capable of self regeneration and capable of differentiation to cells of

endodermal, ectodermal and mesodermal lineages.

The pluripotent embryonic-like stem cell of the present invention may be isolated from

non-human cells or human cells. In a particular embodiment, the present invention

15 relates to any human pluripotent embryonic-like stem cell and populations, including

clonal populations of such cells.

The pluripotent embryonic-like stem cell of the present invention may be isolated from

the non-embryonic, postnatal, or adult tissue selected from the group of muscle,

20 dermis, fat, tendon, ligament, perichondrium, periosteum, heart, aorta, endocardium,

myocardium, epicardium, large arteries and veins, granulation tissue, peripheral nerves,

peripheral ganglia, spinal cord, dura, leptomeninges, trachea, esophagus, stomach,

small intestine, large intestine, liver, spleen, pancreas, parietal peritoneum, visceral

peritoneum, parietal pleura, visceral pleura, urinary bladder, gall bladder, kidney,

25 associated connective tissues or bone marrow.

This invention further relates to cells, particularly pluripotent or progenitor cells, which

are derived from the pluripotent embryonic-like stem cell. The cells may be lineage-

committed cells, which cells may be committed to the endodermal, ectodermal or

30 mesodermal lineage.
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In a further aspect, the present invention relates to a culture comprising:

(a) Pluripotent embryonic-like stem cells, capable of self regeneration and

capable of differentiation to cells of endodermal, ectodermal and mesodermal lineages;

and

5 (b) a medium capable of supporting the proliferation of said stem cells.

Such stem cell containing cultures may further comprise a proliferation factor or

lineage commitment factor. The stem cells of such cultures may be isolated from non-

human cells or human cells.

The invention further relates to methods of isolating an pluripotent embryonic- like

stem cell. In particular, a method of isolating an pluripotent embryonic-like stem cell
"

of the present invention, comprises the steps of:

(a) obtaining cells from a non-embryonic animal source;

(b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl

sulfoxide until a final temperature of -80° C is reached; and

(c) culturing the cells.

In particular, a method of isolating an pluripotent embryonic-like stem cell of the

present invention, comprises the steps of:

20 (a) obtaining cells from a postnatal animal source;

(b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl

sulfoxide until a final temperature of -80° C is reached; and

(c) culturing the cells.

10

15

25 In particular, a method of isolating an pluripotent embryonic-like stem cell of the

present invention, comprises the steps of:

(a) obtaining cells from an adult animal source;

(b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl

sulfoxide until a final temperature of -80° C is reached; and

30 (c) culturing the cells.
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In particular, a method of isolating an pluripotent embryonic-like stem cell of the

present invention, comprises the steps of:

(a) obtaining cells from a non-embryonic animal source;

(b) incubating said cells in a collagenase/dispase solution;

5 (c) slow freezing said incubated cells in medium containing 7.5% (v/v)

dimethyl sulfoxide until a final temperature of -80° C is reached; and

(d) culturing the cells.

In particular, a method of isolating an pluripotent embryonic-like stem cell of the

10 present invention, comprises the steps of:

(a) obtaining cells from a non-embryonic animal source;

(b) filtering said cells through a 20um filter;;

(c) slow freezing said filtered cells in medium containing 7.5% (v/v) dimethyl

sulfoxide until a final temperature of -80° C is reached; and

15 (d) culturing the cells.

In a further aspect, the methods of isolating an pluripotent embryonic-like stem cell

relate to methods whereby a clonal population of such stem cells is isolated, wherein a

single pluripotent embryonic-like stem cell is first isolated and then further cultured and

20 expanded to generate a clonal population. A single pluripotent embryonic-like stem

cell may be isolated by means of limiting dilution or such other methods as are known

to the skilled artisan.

Thus, the present invention also relates to a clonal pluripotent embryonic-like stem cell

25 line developed by such method.

In a particular aspect, the present invention relates to pluripotent embryonic-like stem

cells or populations of such cells which have been transformed or transfected and

thereby contain and can express a gene or protein of interest. Thus, this invention

30 includes pluripotent embryonic- like stem cells genetically engineered to express a gene

or protein of interest. In as much as such genetically engineered stem cells can then
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undergo lineage-commitment, the present invention further encompasses lineage-

committed cells, which are derived from a genetically engineered pluripotent

embryonic-like stem cell, and which express a gene or protein of interest. The

lineage-committed cells may be endodermal, ectodermal or mesodermal lineage-

5 committed cells and may be pluripotent, such as a pluripotent mesenchymal stem cell,

or progenitor cells, such as an adipogenic or a myogenic cell.

The invention then relates to methods of producing a genetically engineered
.

pluripotent embryonic-like stem cell comprising the steps of:

10 (a) transfecting pluripotent embryonic-like stem cells with a DNA construct

comprising at least one of a marker gene or a gene of interest;

(b) selecting for expression of the marker gene or gene of interest in the

pluripotent embryonic-like stem cells;

(c) culturing the stem cells selected in (b).

15

In a particular aspect, the present invention encompasses genetically engineered

pluripotent embryonic-like stem cell(s), including human and non-human cells,

produced by such method.

20 The possibilities both diagnostic and therapeutic that are raised by the existence and

isolation of the pluripotent embryonic-like stem cells of the present invention, derive

from the fact that the pluripotent embryonic-like stem cells can be isolated from non-

embryonic, postnatal or adult animal cells or tissue and are capable of self regeneration

on the one hand and of differentiation to cells of endodermal, ectodermal and

25 mesodermal lineages on the other hand. Thus, cells of any of the endodermal,

ectodermal and mesodermal lineages can be provided from a single, self-regenerating

source of cells obtainable from'an animal source even into and through adulthood. As

suggested earlier and elaborated further on herein, the present invention contemplates

use of the pluripotent embryonic-like stem cells, including cells or tissues derived

30 therefrom, for instance, in pharmaceutical intervention, methods and therapy, cell-

based therapies, gene therapy, various biological and cellular assays, isolation and
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assessment of proliferation or lineage-commitment factors, and in Varied studies of

development and cell, differentiation.

As previously noted herein, the ability to regenerate most human tissues damaged or

5 lost due to trauma or disease is substantially diminished in adults. Every year millions

of Americans suffer tissue loss or end-stage organ failure. Tissue loss may result from

acute injuries as well as surgical interventions, i.e., amputation, tissue debridement, and

surgical extirpations with respect to cancer, traumatic tissue injury, congenital

malformations, vascular compromise, elective surgeries, etc. Options such as tissue

10 transplantation and surgical intervention are severely limited by a critical donor

shortage and possible long term morbidity. Three general strategies for tissue

engineering have been adopted for the creation of new tissue: (1). Isolated cells or cell-

substitutes applied to the area of tissue deficiency or compromise. (2). Cells placed

on or within matrices, in either closed or open systems. (3). Tissue-inducing

1 5 substances, that rely on growth factors (including proliferation factors or lineage-

commitment factors) to regulate specific cells to a committed pattern of growth

resulting in tissue regeneration, and methods to deliver these substances to their

targets.

20 A wide variety of transplants, congenital malformations, elective surgeries, diseases,

and genetic disorders have the potential for treatment with the pluripotent embryonic-

like stem cells of the present invention, including cells or tissues derived therefrom,,

alone or in combination with proliferation factors, lineage-commitment factors, or

genes or proteins of interest. Preferred treatment methods include the treatment of

25 tissue loss where the object is to provide cells directly for transplantation whereupon

the tissue can be regenerated in vivo, recreate the missing tissue in vitro and then

provide the tissue, or providing sufficient numbers of cells suitable for transfection or

transformation for ex vivo or in vivo gene therapy.

30 A significant benefit of the pluripotent embryonic-like stem cells of the present

invention are their potential for self-regeneration prior to commitment to any particular
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tissue lineage (ectodermal, endodermal or mesodermal) and then further proliferation

once committed. These proliferative and differentiative attributes are very important

and useful when limited amounts of appropriate cells and tissue are available for

transplantation.

5

The isolation of pluripotent embryonic-like stem cells as tissue source for

transplantation therapies, that (a) can be isolated and sorted; (b) has unlimited

proliferation capabilities while retaining pluripotentcy; (c) can be manipulated to

commit to multiple separate tissue lineages; (d) is capable of incorporating into the

10 existing tissue; and (e) can subsequently express the respective differentiated tissue

type, may prove beneficial to therapies that maintain or increase the functional capacity

and/or longevity of lost, damaged, or diseased tissues.

In a further embodiment, the present invention relates to certain therapeutic methods

15 which would be based upon the activity of the pluripotent embryonic-like stem cells of

the present invention, including cells or tissues derived therefrom, or upon agents or

other drugs determined to act on any such cells or tissues, including proliferation

factors and lineage-commitment factors. One exemplary therapeutic method is

associated with the prevention or modulation of the manifestations of conditions

20 causally related to or following from the lack or insufficiency of cells of a particular

lineage, and comprises administering the pluripotent embryonic- like stem cells of the

present invention, including cells or tissues derived therefrom, either individually or in

mixture with proliferation factors or lineage-commitment factors in an amount

effective to prevent the development or progression of those conditions in the host.

25

In a further and particular aspect the present invention includes therapeutic methods,

including transplantation of the pluripotent embryonic- like stem cells of the present

invention, including lineage-uncommitted populations of cells, lineage-committed

populations of cells, tissues and organs derived therefrom, in treatment or alleviation of

30 conditions, diseases, disorders, cellular debilitations or deficiencies which would

benefit from such therapy. These methods include the replacement or replenishment of
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cells, tissues or organs. Such replacement or replenishment may beaccomplished by

transplantation of the pluripotent embryonic-like stem cells of the present invention or

by transplantation of lineage-uncommitted populations of cells, lineage-committed

populations of cells, tissues or organs derived therefrom.

5

Thus, the present invention includes a method of transplanting pluripotent embryonic-

like stem cells in a host comprising the step of introducing into the host the pluripotent

embryonic-like stem cells of the present invention.

10 In a further aspect this invention provides a method of providing a host with purified

pluripotent embryonic- like stem cells comprising the step of introducing into the host

the pluripotent embryonic- like stem cells of the present invention.

In a still further aspect, this invention includes a method of in vivo administration of a

1 5 protein or gene of interest comprising the step of transfecting the pluripotent

embryonic-like stem cells of the present invention with a vector comprising DNA or

RNA which expresses a protein or gene of interest.

The present invention provides a method of preventing and/or treating cellular

20 debilitations, derangements and/or dysfunctions and/or other disease states in

mammals, comprising administering to a mammal a therapeutically effective amount of

pluripotent embryonic-like stem cells.

In a further aspect, the present invention provides a method of preventing and/or

25 treating cellular debilitations, derangements and/or dysfunctions and/or other disease

states in mammals, comprising administering to a mammal a therapeutically effective

amount of a endodermal, ectodermal or mesodermal lineage-committed cell derived

from the pluripotent embryonic-like stem cells of the present invention.

30 The therapeutic method generally referred to herein could include the method for the

treatment of various pathologies or other cellular dysfunctions and derangements by
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the administration of pharmaceutical compositions that may comprise proliferation

factors or lineage-commitment factors, alone or in combination with the pluripotent

embryonic-like stem cells of the present invention, or cells or tissues derived

therefrom, or other similarly effective agents, drugs or compounds identified for

5 instance by a drug screening assay prepared and used in accordance with a further

aspect of the present invention.

Also, antibodies including both polyclonal and monoclonal antibodies that recognize

the pluripotent embryonic-like stem cells of the present invention, including cells

10 and/or tissues derived therefrom, and agents, factors or drugs that modulate the

proliferation or commitment of the pluripotent embryonic-like stem cells of the present

invention, including cells and/or tissues derived therefrom, may possess certain

diagnostic or therapeutic applications and may for example, be utilized for the purpose

of correction, alleviation, detecting and/or measuring conditions such as cellular

15 debilitations, cellular deficiencies or the like. For example, the pluripotent embryonic-

like stem cells of the present invention, including cells and/or tissues derived therefrom,

may be used to produce both polyclonal and monoclonal antibodies to themselves in a

variety of cellular media, by known techniques such as the hybridoma technique

utilizing, for example, fused mouse spleen lymphocytes and myeloma cells. Likewise,

20 agents, factors or drugs that modulate, for instance, the proliferation or commitment of

the cells of the invention may be discovered, identified or synthesized, and may be used

in diagnostic and/or therapeutic protocols.

The general methodology for making monoclonal antibodies by hybridomas is well

25 known. Immortal, antibody-producing cell lines can also be created by techniques

other than fusion, such as direct transformation ofB lymphocytes with oncogenic

DNA, or transfection with Eps'tein-Barr virus. See, e.g., M. Schreier et al.,

"Hybridoma Techniques" (1980); Hammerling et al., "Monoclonal Antibodies And T-

cell Hybridomas" (1981); Kennett et al., "Monoclonal Antibodies" (1980); see also

30 U.S. Patent Nos. 4,341,761; 4,399,121; 4,427,783; 4,444,887; 4,451,570; 4,466,917;

4,472,500; 4,491,632; 4,493,890.
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Panels of monoclonal antibodies produced against the pluripotent embryonic-like stem

cells, including cells or tissues derived therefrom, or against proliferation or lineage-

commitment factors that act thereupon, can be screened for various properties; i.e.,

isotype, epitope, affinity, etc. Of particular interest are monoclonal antibodies that

5 neutralize the activity of the proliferation or lineage-commitment factors. Such

monoclonals can be readily identified in activity assays, including lineage commitment

or proliferation assays as contemplate or described herein. High affinity antibodies are

also useful when immunoaffinity-based purification or isolation or identification of the

Pluripotent embryonic-likestem cells, including cells or tissues therefrom, or of

10 proliferation or lineage-commitment factors is sought.

Preferably, the antibody used in the diagnostic or therapeutic methods of this invention

is an affinity purified polyclonal antibody. More preferably, the antibody is a

monoclonal antibody (mAb). In addition, it is preferable for the antibody molecules

15 used herein be in the form of Fab, Fab', F(ab')2 or F(v) portions of whole antibody

molecules.

As suggested earlier, the diagnostic method of the present invention may, for instance,

comprise examining a cellular sample or medium by means of an assay including an

20 effective amount of an antibody recognizing the stem cells of the present invention,

including cells or tissues derived therefrom, such as an anti-embryonic-like pluripotent

stem cell antibody, preferably an affinity-purified polyclonal antibody, and more

preferably a mAb. In addition, it is preferable for the antibody molecules used herein

be in the form of Fab, Fab', F(ab')2 or F(v) portions or whole antibody molecules. As

25 previously discussed, patients capable of benefitting from this method include those

suffering from cellular debilitations, organ failure, tissue loss, tissue damage, congenital

malformations, cancer, or other diseases or debilitations. Methods for isolating the

antibodies and for determining and optimizing the ability of antibodies to assist in the

isolation, purification, examination or modulation of the target cells or factors are all

30 well-known in the art.
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Methods for producing polyclonal anti-polypeptide antibodies are well-known in the

art. See U.S. Patent No. 4,493,795 to Nestor et al. See Niman et al., Proc. Natl.

Acad. Sci. USA, 80:4949-4953 (1983). A monoclonal antibody, typically containing

Fab and/or F(ab')2 portions of useful antibody molecules, can be prepared using the

5 hybridoma technology described in Antibodies - A Laboratory Manual, Harlow and

Lane, eds., Cold Spring Harbor Laboratory, New York (1988), which is incorporated

herein by reference.

Splenocytes are typically fused with myeloma cells using polyethylene glycol (PEG)

10 6000. Fused hybrids are selected by their sensitivity to HAT. Hybridomas producing a

monoclonal antibody useful in practicing one aspect of this invention are identified, for

instance, by their ability to immunoreact with the pluripotent embryonic-like stem cells

of the present invention. Hybridomas producing a monoclonal antibody useful in

practicing a further aspect of this invention are identified, for instance, by their ability

15 to inhibit the proliferation or lineage-commitment activity of a factor, agent or drug on

pluripotent embryonic-like stem cells, including cells or tissues derived therefrom.

A monoclonal antibody useful in practicing the present invention can be produced by

initiating a monoclonal hybridoma culture comprising a nutrient medium containing a

20 hybridoma that secretes antibody molecules of the appropriate antigen specificity. The

culture is maintained under conditions and for a time period sufficient for the

hybridoma to secrete the antibody molecules into the medium. The antibody-

containing medium is then collected. The antibody molecules can then be further

isolated by well-known techniques.

25

Media useful for the preparation of these compositions are both well-known in the art

and commercially available and include synthetic culture media, inbred mice and the

like. An exemplary synthetic medium is Dulbecco's minimal essential medium

(DMEM; Dulbecco et al., Virol. 8:396 (1959)) supplemented with 4.5 gm/1 glucose,

30 20 mm glutamine, and 20% fetal calf serum. An exemplary inbred mouse strain is the

Balb/c.
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The present invention further contemplates therapeutic compositions useful in

practicing the therapeutic methods of this invention. A subject therapeutic

composition includes, in admixture, a pharmaceutically acceptable excipient (carrier) or

media and one or more of the pluripotent embryonic-like stem cells of the present

5 invention, including cells or tissues derived therefrom, alone or in combination with

proliferation factors or lineage-commitment factors, as described herein as an active

ingredient.

The pluripotent embryonic-like stem cells of the present invention, including cells or

10 tissues derived therefrom, alone or in combination with proliferation factors or lineage-

commitment factors, may be prepared in pharmaceutical compositions, with a suitable

carrier and at a strength effective for administration by various means to a patient

experiencing cellular or tissue loss or deficiency.

15 It is a still further object of the present invention to provide pharmaceutical

compositions for use in therapeutic methods which comprise or are based upon the

pluripotent embryonic-like stem cells of the present invention, including lineage-

uncommitted populations of cells, lineage-committed populations of cells, tissues and

organs derived therefrom, along with a pharmaceutically acceptable carrier or media.

20 Also contemplated are pharmaceutical compositions comprising proliferation factors or

lineage commitment factors that act on or modulate the pluripotent embryonic-like

stem cells of the present invention and/or the cells, tissues and organs derived

therefrom, along with a pharmaceutically acceptable carrier or media. The

pharmaceutical compositions of proliferation factors or lineage commitment factors

25 may further comprise the pluripotent embryonic-like stem cells ofthe present

invention, or cells, tissues or organs derived therefrom.

The pharmaceutical compositions of the present invention may comprise the

pluripotent embryonic-like stem cells of the present invention, or cells, tissues or

30 organs derived therefrom, alone or in a polymeric carrier or extracellular matrix.
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Suitable polymeric carriers include porous meshes or sponges formed of synthetic or

natural polymers, as well as polymer solutions. One form of matrix is a polymeric

mesh or sponge; the other is a polymeric hydrogel. Natural polymers that can be used

include proteins such as collagen, albumin, and fibrin; and polysaccharides such as

5 alginate and polymers of hyaluronic acid. Synthetic polymers include both

biodegradable and non-biodegradable polymers. Examples of biodegradable polymers

include polymers of hydroxy acids such as polylactic acid (PLA), polyglycolic acid

(PGA), and polylactic acid-glycolic acid (PLGA), polyorthoesters, polyanhydrides,

polyphosphazenes, and combinations thereof. Non-biodegradable polymers include

10 polyacrylates, polymethacrylates, ethylene vinyl acetate, and polyvinyl alcohols.

Polymers that can form ionic or covalently crosslinked hydrogels which are malleable -

are used to encapsulate cells. A hydrogel is a substance formed when an organic

polymer (natural or synthetic) is cross-linked via covalent, ionic, or hydrogen bonds to

15 create a three-dimensional open-lattice structure which entraps water molecules to

form a gel. Examples of materials which can be used to form a hydrogel include

polysaccharides such as alginate, polyphosphazines, and polyacrylates, which are

crosslinked ionically, or block copolymers such as Pluronics™ or Tetronics™,

polyethylene oxide-polypropylene glycol block copolymers which are crosslinked by

20 temperature or pH, respectively. Other materials include proteins such as fibrin,

polymers such as polyvinylpyrrolidone, hyaluronic acid and collagen.

In general, these polymers are at least partially soluble in aqueous solutions, such as

water, buffered salt solutions, or aqueous alcohol solutions, that have charged side

25 groups, or a monovalent ionic salt thereof. Examples of polymers with acidic side

groups that can be reacted with cations are poly(phosphazenes), poly(acrylic acids),

poly(methacrylic acids), copolymers of acrylic acid and methacrylic acid, polyvinyl

acetate), and sulfonated polymers, such as sulfonated polystyrene. Copolymers having

acidic side groups formed by reaction of acrylic or methacrylic acid and vinyl ether

30 monomers or polymers can also be used. Examples of acidic groups are carboxylic

acid groups, sulfonic acid groups, halogenated (preferably fluorinated) alcohol groups,
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phenolic OH groups, and acidic OH groups. Examples of polymers with basic side

groups that can be reacted with anions are poly(vinyl amines), poly(vinyl pyridine),

polyvinyl imidazole), and some imino substituted polyphosphazenes. The ammonium

or quaternary salt of the polymers can also be formed from the backbone nitrogens or

5 pendant imino groups. Examples of basic side groups are amino and imino groups.

This invention also provides pharmaceutical compositions for the treatment of cellular

debilitation, derangement and/or dysfunction in mammals, comprising:

A. a therapeutically effective amount of the pluripotent embryonic-like

10 stem cells of the present invention; and

B. a pharmaceutical^ acceptable medium or carrier.

Pharmaceutical compositions of the present invention also include compositions

comprising endodermal, ectodermal or mesodermal lineage-committed cell(s) derived

15 from the pluripotent embryonic-like stem cells of the present invention, and a

pharmaceutically acceptable medium or carrier. Any such pharmaceutical

compositions may further comprise a proliferation factor or lineage-commitment

factor.

20 The present invention naturally contemplates several means or methods for preparation

or isolation of the pluripotent embryonic-like stem cells of the present invention

including as illustrated herein; and the invention is accordingly intended to cover such

means or methods within its scope.

25 A variety of administrative techniques may be utilized, among them parenteral

techniques such as subcutaneous, intravenous and intraperitoneal injections,

catheterizations and the like. The therapeutic factor-containing compositions are

conventionally administered intravenously, as by injection of a unit dose, for example.

Average quantities of the stem cells or cells may vary and in particular should be based

30 upon the recommendations and prescription of a qualified physician or veterinarian.
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The preparation of cellular or tissue-based therapeutic compositions as active

ingredients is well understood in the art. Such compositions may be formulated in a

pharmaceutical^ acceptable media. The cells may be in solution or embedded in a

matrix.

5

The preparation of therapeutic compositions with factors, including growth,

proliferation or lineage-commitment factors, (such as for instance human growth

hormone) as active ingredients is well understood in the art. The active therapeutic

ingredient is often mixed with excipients or media which are pharmaceutical^

10 acceptable and compatible with the active ingredient. In addition, if desired, the

composition can contain minor amounts of auxiliary substances such as wetting or

emulsifying agents, pH buffering agents which enhance the effectiveness ofthe active -

ingredient.

15 A factor can be formulated into the therapeutic composition as neutralized

pharmaceutically acceptable salt forms. PharmaceuticaUy acceptable salts include the

acid addition salts (formed with the free amino groups of the polypeptide or antibody

molecule) and which are formed with inorganic acids such as, for example,

hydrochloric or phosphoric acids, or such organic acids as acetic, oxalic, tartaric,

20 mandelic, and the like. Salts formed from the free carboxyl groups can also be derived

from inorganic bases such as, for example, sodium, potassium, ammonium, calcium, or

ferric hydroxides, and such organic bases as isopropylamine, trimethylamine, 2-

ethylamino ethanol, histidine, procaine, and the like.

25 The term "unit dose" when used in reference to a therapeutic composition of the

present invention refers to physically discrete units suitable as unitary dosage for

humans, each unit containing a predetermined quantity of active material calculated to

produce the desired therapeutic effect in association with the required diluent; i.e.,

carrier, media, or vehicle.

30
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The compositions are administered in a mariner compatible with the dosage

formulation, and in a therapeutically effective amount. The quantity to be administered

depends, for instance, on the subject and debilitation to be treated, capacity of the

subject's organ, cellular and immune system to utilize the active ingredient, and the

5 nature of the cell or tissue therapy, etc. Precise amounts of active ingredient required

to be administered depend on the judgment of the practitioner and are peculiar to each

individual. However, suitable dosages of a factor may range from about 0. 1 to 20,

preferably about 0.5 to about 10, and more preferably one to several, milligrams of

active ingredient per kilogram body weight of individual per day and depend on the

10 route of administration. Suitable regimes for initial administration and follow on

administration are also variable, but can include an initial administration followed by

repeated doses at one or more hour intervals by a subsequent injection or other

administration. Alternatively, continuous intravenous infusion sufficient to maintain

concentrations often nanomolar to ten micromolar in the blood are contemplated.

15

20

The therapeutic compositions, for instance with a proliferation factor or lineage-

commitment factor as active ingredient, may further include an effective amount of the

factor, and one or more of the following active ingredients: an antibiotic, a steroid.

Exemplary formulations are given below:

Formulations

Intravenous Formulation I

Ingredient ma/ml

cefotaxime 250.0

Factor 10.0

dextrose USP 45.0

sodium bisulfite USP 3.2

edetate disodium USP 0.1

water for injection q.s.a.d. 1.0 ml
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Intravenous Formulation II

Ingredient nig/ml

ampicillin
2500

Factor
100

sodium bisulfite USP 32

disodium edetate USP 01

water for injection q.s.a.d. 10 011

10

Intravenous Formulation III

Tngredient mgZml

gentamicin (charged as sulfate) 40 0

Factor
100

15 sodium bisulfite USP 3 2

disodium edetate USP °- 1

water for injection q.s.a.d. 1 .0 ml

Intravenous Formulation IV

20 Tngredient mg/mi

Factor 100

dextrose USP 45 0

sodium bisulfite USP 3 2

edetate disodium USP 0.1

25 water for injection q.s.a.d. 1.0.ml

As used herein, "pg" means picogram, "ng" means nanogram, "ug" or "ug" mean

microgram, "mg" means milligram, "ul" or mean microliter, "ml" means milliliter,

"1" means liter.

30
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Another feature of this invention is the expression of the DNA sequences of a gene or

protein of interest, including as disclosed herein. As is well known in the art, DNA

sequences may be expressed by operatively linking them to an expression control

sequence in an appropriate expression vector and employing that expression vector to

5 transform an appropriate unicellular host. Such operative linking of a DNA sequence

to an expression control sequence, of course, includes, if not already part of the DNA

sequence, the provision of an initiation codon, ATG, in the correct reading frame

upstream of the DNA sequence.

1 0 A wide variety of host/expression vector combinations may be employed in expressing

the DNA sequences. Useful expression vectors, for example, may consist of segments

of chromosomal, non-chromosomal and synthetic DNA sequences. Suitable vectors „

include derivatives of SV40 and known bacterial plasmids, e.g., E. coli plasmids col El,

pCRl, pBR322, pMB9 and their derivatives, plasmids such as RP4; phage DNAS,

15 e.g., the numerous derivatives of phage X, e.g., NM989, and other phage DNA, e.g.,

M13 and filamentous single stranded phage DNA; yeast plasmids such as the 2u

plasmid or derivatives thereof; vectors useful in eukaryotic cells, such as vectors useful

in insect or mammalian cells; vectors derived from combinations ofplasmids and phage

DNAs, such as plasmids that have been modified to employ phage DNA or other

20 expression control sequences; and the like.

Any of a wide variety of expression control sequences -- sequences that control the

expression of a DNA sequence operatively linked to it -- may be used in these vectors

to express the DNA sequences. Such useful expression control sequences include, for

25 example, the early or late promoters of SV40, CMV, vaccinia, polyoma or adenovirus,

the lac system, the trp system, the TAC system, the TRC system, the LTR system, the

major operator and promoter regions of phage A, the control regions of fd coat

protein, the promoter for 3-phosphoglycerate kinase or other glycolytic enzymes, the

promoters of acid phosphatase (e.g., Pho5), the promoters of the yeast a-mating

30 factors, and other sequences known to control the expression of genes of prokaryotic

or eukaryotic cells or their viruses, and various combinations thereof.
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A wide variety of unicellular host cells are also useful in expressing the DNA

sequences. These hosts may include well known eukaryotic and prokaryotic hosts,

such as strains of E. coli, Pseudomonas, Bacillus, Streptomyces, fungi such as yeasts,

and animal cells, such as CHO, Rl.l, B-W and L-M cells, African Green Monkey

5 kidney cells (e.g., COS 1, COS 7, BSC1, BSC40, and BMT10), insect cells (e.g., Sf9),

human cells and plant cells in tissue culture.

It will be understood that not all vectors, expression control sequences and hosts will

function equally well to express the DNA sequences. Neither will all hosts function

10 equally well with the same expression system. However, one skilled in the art will be

able to select the proper vectors, expression control sequences, and hosts' without

undue experimentation to accomplish the desired expression without departing from _

the scope of this invention. For example, in selecting a vector, the host must be

considered because the vector must function in it. The vector's copy number, the

1 5 ability to control that copy number, and the expression of any other proteins encoded

by the vector, such as antibiotic markers, will also be considered.

In selecting an expression control sequence, a variety of factors will normally be

considered. These include, for example, the relative strength of the system, its

20 controllability, and its compatibility with the particular DNA sequence or gene to be

expressed, particularly as regards potential secondary structures. Suitable unicellular

hosts will be selected by consideration of, e.g., their compatibility with the chosen

vector, their secretion characteristics, their ability to fold proteins correctly, and their

fermentation requirements, as well as the toxicity to the host of the product encoded

25 by the DNA sequences to be expressed, and the ease of purification ofthe expression

products. . Considering these and other factors a person skilled in the art will be able to

construct a variety ofvector/expression control sequence/host combinations that will

express the DNA sequences of this invention on fermentation or in large scale animal

culture.

30
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A DNA sequence can be prepared synthetically rather than cloned. The DNA

sequence can be designed with the appropriate codons for the amino acid sequence.

In general, one will select preferred codons for the intended host if the sequence will

be used for expression. The complete sequence is assembled from overlapping

5 oligonucleotides prepared by standard methods and assembled into a complete coding

sequence. See, e.g., Edge, Nature, 292:756 (1981); Nambair et al., Science, 223:1299

(1984); Jay et al., J. Biol. Chem., 259:6311 (1984).

Synthetic DNA sequences allow convenient construction of genes which will express

10 analogs or "muteins". Alternatively, DNA encoding muteins can be made by site-

directed mutagenesis of native genes or cDNAs, and muteins can be made directly

using conventional polypeptide synthesis.

A general method for site-specific incorporation ofunnatural amino acids into proteins

15 is described in Christopher J. Noren, Spencer J. Anthony-Cahill, Michael C. Griffith,

Peter G. Schultz, Science, 244:182-188 (April 1989). This method may be used to

create analogs with unnatural amino acids.

The present invention also relates to a variety of diagnostic applications, including

20 methods for detecting the presence of proliferation factors or particular lineage-

commitment factors, by reference to their ability to elicit proliferation or particular

lineage commitment of pluripotent embryonic-like stem cells, including cells or tissues

derived therefrom. The diagnostic utility of the pluripotent embryonic-like stem cells

of the present invention extends to the use of such cells in assays to screen for

25 proliferation factors or particular lineage-commitment factors, by reference to their

ability to elicit proliferation or particular lineage commitment of pluripotent

embryonic-like stem cells, including cells or tissues derived therefrom. Such assays

may be used, for instance, in characterizing a known factor, identifying a new factor,

or in cloning a new or known factor by isolation of and determination of its nucleic

30 acid and/or protein sequence.
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As described in detail above, antibody(ies) to the pluripotent embryonic-like stem cells,

including cells and tissues derived therefrom, can be produced and isolated by standard

methods including the well known hybridoma techniques. For convenience, the

antibody(ies) to the pluripotent embryonic-like stem cells will be referred to herein as

5 Ab, and antibody(ies) raised in another species as Ab2 .

The presence of pluripotent embryonic-like stem cells can be ascertained by the usual

immunological procedures applicable to such determinations. A number of useful

procedures are known. Three such procedures which are especially useful utilize either

10 the pluripotent embryonic-like stem cell labeled with a detectable label, antibody Ab,

labeled with a detectable label, or antibody Ab2 labeled with a detectable label. The

procedures may be summarized by the following equations wherein the asterisk

indicates that the particle is labeled, and "stem cell" stands for the pluripotent

embryonic-like stem cell:

15 A. stem cell* + Ab, = stem cell*Ab,

B. stem cell + Ab,* = stem cellAb,*

C. stem cell + Ab, + Ab2
* = stem cellAb,Ab2

*

The procedures and their application are all familiar to those skilled in the art and

20 accordingly may be utilized within the scope of the present invention. The

"competitive" procedure, Procedure A, is described in U.S. Patent Nos. 3,654,090 and

3,850,752. Procedure C, the "sandwich" procedure, is described in U.S. Patent Nos.

RE 3 1 ,006 and 4,01 6,043 . Still other procedures are known such as the "double

antibody," or "DASP" procedure.

25

30

In each instance, the stem cell forms complexes with one or more antibody(ies) or

binding partners and one member of the complex is labeled with a detectable label.

The fact that a complex has formed and, if desired, can then be isolated or the amount

thereof can be determined by known methods applicable to the detection of labels.

Procedures, for instance, for flourescence activated cell sorting are known in the art
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and provided herein in the Examples. Cells can also be isolated by adherence to a

column to which the antibody has been previously bound or otherwise attached to.

It will be seen from the above, that a characteristic property ofAb2 is that it will react

5 with Ab,. This is because Ab, raised in one mammalian species has been used in

another species as an antigen to raise the antibody Ab2 . For example, Ab2
may be

raised in goats using rabbit antibodies as antigens. Ab2
therefore would be anti-rabbit

antibody raised in goats. For purposes of this description and claims, Ab, will be

referred to as a primary or anti-stem cell antibody, and Ab2 will be referred to as a

10 secondary or anti-Ab, antibody.

The labels most commonly employed for these studies are radioactive elements,

enzymes, chemicals which fluoresce when exposed to ultraviolet light, and others.

A number of fluorescent materials are known and can be utilized as labels. These

1 5 include, for example, fluorescein, rhodamine, auramine, Texas Red, AMCA blue and

Lucifer Yellow. A particular detecting material is anti-rabbit antibody prepared in

goats and conjugated with fluorescein through an isothiocyanate.

The stem cell or its binding partner(s) can also be labeled with a radioactive element or

20 with an enzyme. The radioactive label can be detected by any of the currently available

counting procedures. The preferred isotope may be selected from
3
H,

U
C,

32
P, S,

36
CI,

5,
Cr, "Co,

58
Co,

59
Fe,

90Y,
n\ ,3,

I, and
186

Re.

Enzyme labels are likewise useful, and can be detected by any of the presently utilized

25 colorimetric, spectrophotometry, fluorospectrophotometric, amperometric or

gasometric techniques. The enzyme is conjugated to the selected particle by reaction

with bridging molecules such as carbodiimides, diisocyanates, glutaraldehyde and the

like. Many enzymes which can be used in these procedures are known and can be

utilized. The preferred are peroxidase, fl-glucuronidase, B-D-glucosidase,

30 fl-D-galactosidase, urease, glucose oxidase plus peroxidase and alkaline phosphatase.
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U.S. Patent Nos. 3,654,090; 3,850,752; and 4,016,043 are referred to by way of

example for their disclosure of alternate labeling material and methods.

The invention includes an assay system for screening of potential agents, compounds

5 or drugs effective to modulate the proliferation or lineage-committment of the

pluripotent embryonic-like stem cells of the present invention, including cells or tissues

derived therefrom. These assays may also be utilized in cloning a gene or polypeptide

sequence for a factor, by virtue of the factors known or presumed activity or capability

with respect to the pluripotent embryonic-like stem cells of the present invention,

10 including cells or tissues derived therefrom.

The assay system could importantly be adapted to identify drugs or other entities that .._

are capable of modulating the pluripotent embryonic-like stem cells of the present

invention, either in vitro or in vivo. Such an assay would be useful in the development

1 5 of agents, factors or drugs that would be specific in modulating the pluripotent

embryonic-like stem cells to, for instance, proliferate or to commit to a particular

lineage or cell type. For example, such drugs might be used to facilitate cellular or

tissue transplantation therapy.

20 Thus the present invention contemplates to methods for detecting the presence or

activity of an agent which is a lineage-commitment factor comprising the steps of:

A. contacting the pluripotent embryonic-like stem cells of the present

invention with a sample suspected of containing an agent which is a lineage-

commitment factor; and

25 B. determining the lineage of the so contacted cells by morphology,

mRNA expression, antigen expression or other means;

wherein the lineage of the contacted cells indicates the presence or activity of a

lineage-commitment factor in said sample.
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The present invention also relates to methods of testing the ability of an agent,

compound or factor to modulate the lineage-commitment of a lineage uncommitted

cell which comprises

A. culturing the pluripotent embryonic-like stem cells of the present

5 invention in a growth medium which maintains the stem cells as lineage uncommited

cells;

B adding the agent, compound or factor under test; and

C. determining the lineage of the so contacted cells by morphology,

mRNA expression, antigen expression or other means.

10

In a further such aspect, the present invention relates to an assay system for screening

agents, compounds or factors for the ability to modulate the lineage-commitment of a

lineage uncommitted cell, comprising:

A. culturing the pluripotent embryonic-like stem cells of the present

1 5 invention in a growth medium which maintains the stem cells as lineage uncommited

cells;

B. adding the agent, compound or factor under test; and

C. determining the lineage of the so contacted cells by morphology,

mRNA expression, antigen expression or other means.

20

The invention also relates to a method for detecting the presence or activity of an

agent which is a proliferation factor comprising the steps of:

A. contacting the pluripotent embryonic-like stem cells of the present

invention with a sample suspected of containing an agent which is a proliferation

25 factor; and

B: determining the proliferation and lineage of the so contacted cells by

morphology, mRNA expression, antigen expression or other means;

wherein the proliferation of the contacted cells without lineage commitment

indicates the presence or activity of a proliferation factor in said sample.

30
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In a further aspect, the invention includes methods of testing the ability of an agent,

compound or factor to modulate the proliferation of a lineage uncommitted cell which

comprises

A. culturing the pluripotent embryonic-like stem cells of the present

5 invention in a growth medium which maintains the stem cells as lineage uncoramited

cells;

B. adding the agent, compound or factor under test; and

C. determining the proliferation and lineage of the so contacted cells by

mRNA expression, antigen expression or other means.

10

The invention further relates to an assay system for screening agents, compounds or

factors for the ability to modulate the proliferation of a lineage uncommitted cell,

comprising:

A. culturing the pluripotent embryonic-like stem cells of the present

1 5 invention in a growth medium which maintains the stem cells as lineage uncommited

cells;

B. adding the agent, compound or factor under test; and

C. determining the proliferation and lineage of the so contacted cells by

mRNA expression, antigen expression or other means.

20

'

In a further embodiment of this invention, commercial test kits suitable for use by a

medical specialist may be prepared to isolate or determine the presence or absence of

pluripotent embryonic-like stem cells, or of a proliferation factor or lineage

commitment factor. In accordance with the testing techniques discussed above, one

25 class of such kits will contain at least the labeled stem cell or its binding partner, for

instance an antibody specific thereto, and directions, of course, depending upon the

method selected, e.g., "competitive," "sandwich," "DASP" and the like. The kits may

also contain peripheral reagents such as buffers, stabilizers, etc.

30 Accordingly, a test kit may be prepared for the isolation of or demonstration of the

presence of pluripotent embryonic-like stem cells, comprising:
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(a) a predetermined amount of at least one labeled immunochemical^ reactive

component obtained by the direct or indirect attachment of the pluripotent embryonic-

like stem cells or a specific binding partner thereto, to a detectable label;

(b) other reagents; and

5 (c) directions for use of said kit.

More specifically, the test kit may comprise:

(a) a known amount of the pluripotent embryonic-like stem cells as described

above (or a binding partner) generally bound to a solid phase to form an

10 immunosorbent, or in the alternative, bound to a suitable tag, or plural such end

products, etc. (or their binding partners) one of each;

(b) if necessary, other reagents; and

(c) directions for use of said test kit.

15 In a further variation, the test kit may be prepared and used for the purposes stated

above, which operates according to a predetermined protocol (e.g. "competitive,"

"sandwich," "double antibody," etc.), and comprises:

(a) a labeled component which has been obtained by coupling the pluripotent

embryonic-like stem cells to a detectable label;

20 (b) one or more additional immunochemical reagents ofwhich at least one reagent

is a ligand or an immobilized ligand, which ligand is selected from the group consisting

of:

(i) a ligand capable of binding with the labeled component (a);

(ii) a ligand capable of binding with a binding partner of the labeled

25 component (a);

(iii) a ligand capable of binding with at least one of the component(s) to be

determined; and

(iv) a ligand capable of binding with at least one of the binding partners of at

least one of the component(s) to be determined; and
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(c) directions for the performance of a protocol for the detection and/or

determination of one or more components of an immunochemical reaction between the

pluripotent embryonic-like stem cells and a specific binding partner thereto.

5 The invention may be better understood by reference to the following non-limiting

Examples, which are provided as exemplary of the invention. The following examples

are presented in order to more fully illustrate the preferred embodiments of the

invention and should in no way be construed, however, as limiting the broad scope of

the invention.

10

pr FT JMMABXCQMSIDERAIIQNS

The proposed investigation is part of a long term research effort directed at

ascertaining the particular identities of a tripartite system necessary for the restoration

1 5 of histo-architecture and tissue function, i. e., stem cells, bio-active factors, and

bio-matrices, and their use for tissue regeneration and transplantation therapies. The

goals of these efforts are to isolate human pluripotent stem cells and to identify the

molecular machinery specific for particular lineage-commitments. Complimentary to

this goal will be the characterization of these cells using antibodies to cell surface

20 markers and then devising an isolation protocol based on the antibody binding.

We have shown in previous studies the following: (a) clonal populations of pluripotent

mesenchymal stem cells can be derived from a variety of organs and tissues of

mesodermal origin; (b) pluripotent mesenchymal stem cells have a virtually unlimited

25 doubling capacity without loss of differentiative capabilities; and (c) particular

bio-active factors can regulate cell kinetics, proliferation and lineage-progression, as

well as commitment of pluripotent mesenchymal stem cells into various mesodermal

lineages, i.e., muscle, cartilage, bone, fat, and fibrous connective tissue.

30 EXAMPLE 1
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PhY»nfFenetit- Distribution

At least five species have been examined to date to determine phylogenetic distribution

of mesenchymal stem cells (TABLE 1). All species examined, e.g., pre-natal avians

(Young el al, 1991, 1992a,b, 1993, 1995, 1998a; Bowerman el al., 1991), pre-natal

5 mice(Klausmeyereial, 1994; Rogers el al., 1995; Young el al, 1998b), pre- and

post-natal rats (Lucas etal, 1994, 1995; Davis si al., 1995; Warejcka el al, 1996),

post-natal rabbits (Pate el al., 1993), and pre- and post-natal humans (Young el al,

1999) have resident populations of mesenchymal stem cells. These stem cells have the

capability of forming multiple mesodermal phenotypes when incubated in the presence

10 of dexamethasone and/or insulin. To date, 16 separate and readily identifiable

cell/tissue phenotypes have been obtained, i.e., skeletal muscle, smooth muscle, cardiac

muscle, articular cartilage, growth plate cartilage, hyaline cartilage, elastic cartilage, ^

fibrocartilage, endochondral ossification, intramembranous ossification, scar tissue,

dermis, adipocytes, tendon/ligament, periosteum/perichondrium, and endothelial cells.

15

Age of Donor

Studies are ongoing to determine the optimal age for harvesting progenitor and

pluripotent stem cells for transplantation therapies. To date no differences have been

found with respect to number of (pluripotent) stem cells present per species,

20 proliferative abilities, or differentiative capabilities when comparing the age of the

donor or gender (humans only) (TABLE 1) (Young eta]., 1993, 1995, 1998(a),

1998(b), 1999, unpublished observations; Pate etal., 1993; Troum etal, 1993; Lucas

etal., 1994, 1995; Davis si al, 1995; Rogers etal., 1995; Warejcka si al, 1996;

Calcutt el al., 1998). In all five species examined (chick, mouse, rat, rabbit and

25 human), no age-related differences have been found with respect to the number

pluripotent stem cells present per species. No influence of age on the ability to

proliferate or on the ability to differentiate has been found. No influence of gender has

been found in prenatal in geriatric (human) stem cells.

30 Stem Cell Location
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Analysis of donor sites from the five animal species revealed that any tissue or organ in

stasis or undergoing repair and having a connective tissue compartment, has resident

populations of mesenchymal stem cells. Organs, tissues and their associated connective

tissue components assayed to date include whole embryo, whole fetus, skeletal muscle,

5 dermis, fat, tendon, ligament, perichondrium, periosteum, heart, aorta, endocardium,

myocardium, epicardium, large arteries and veins, granulation tissue, peripheral nerves,

peripheral ganglia, spinal cord, dura, leptomeninges, trachea, esophagus, stomach,

small intestine, large intestine, liver, spleen, pancreas, parietal peritoneum, visceral

peritoneum, parietal pleura, visceral pleura, urinary bladder, gall bladder, kidney

10 associated connective tissues and bone marrow (Young el al, 1993, 1995; Pate et al.,

1993;Troumetal., 1993; Lucas et al., 1994, 1995; Davis et al., 1995; Rdgers et al.,

1995; Warejcka et al., 1996; Calcutt et al., 1998; unpublished observations).

An interesting note, while the associated connective tissues of a particular tissue type

1 5 had its requisite complement of fibrocytes, tissue-specific lineage-committed

progenitor stem cells, and pluripotent stem cells, it also contained progenitor stem cells

for other tissue lineages (Young et al, 1993, 1 995, unpublished observations). For

example, the perichondrium surrounding (hyaline) cartilage appeared to be segregated

into three zones based on stem cell composition. The inner 1/3 (or cambial layer)

20 contained predominantly chondrogenic progenitor cells and a few pluripotent cells; the

middle 1/3 contained predominantly pluripotents, but with a few chondrogenic

progenitor cells and a few non-chondrogenic progenitor cells; and the outer 1/3 .

contained predominantly non-chondrogenic progenitor cells (e.g., myogenic,

adipogenic, fibrogenic, and osteogenic progenitor cells), fibrocytes, and a few

25 pluripotent cells. We found similar types of regional stem cell distributions with respect

to pluripotent cells, tissue-specific progenitor cells, and non-tissue-specific progenitor

cells in skeletal muscle connective tissue (e.g., endomysium, perimysium, epimysium),

periosteum, endocardium, and epicardium.

30

rinnogenic Analysis
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Cionogenic analysis by serial limiting dilution was undertaken to determine the

composition of cells within the identified populations of mesenchymal stem cells.

Clonal analysis of mesenchymal stem cells from avians (Young el al, 1993) and mice

(Rogers gt al., 1995; Young el al, 1998b) consistently demonstrate two categories of

5 stem cells, e.g., lineage-committed progenitor stem cells and lineage-uncommitted

pluripotent stem cells. Five tissue lineages have been induced with general and

lineage-specific inductive agents in pre-natal and post-natal pluripotent stem cell

clones, e.g., myogenic, chondrogenic, adipogenic, fibrogenic, and osteogenic, with

subsequent expression of differentiated phenotypes (Grigoriadis et al., 1988; Young gl

10 al., 1993, 1998b, this study; Rogers etaj ,
1995).

Stpm Cell Characteristics

Each category of stem cell, progenitor and pluripotent, have shared characteristics and

their own unique characteristics. Both progenitor and pluripotent mesenchymal stem

1 5 cells prefer a type I collagen substratum for attachment and prefer cryopreservation

and storage at -70 to -80°C in medium containing 10% serum and 7.5% DMSO

(Young el al., 1991).

Progenitor stem cells (i.e., precursor stem cells, immediate stem cells, and forming [-

20 blast] cells) are lineage-committed. They will only form tissues within their respective

lineage regardless of inductive agents for any other lineage that may be present in the

medium (Young el al, 1998a). They can remain quiescent or be activated to proliferate

and/or differentiate. They demonstrate contact inhibition at confluence. If activated to

proliferate, progenitor stem cells have a 50-70 doubling life span before senescence

25 (Young gl al, 1993, 1998b). If activated to differentiate, progression factors are

necessary to stimulate phenotypic expression (Young gl al., 1998a).

Pluripotent stem cells are lineage-uncommitted, i.e., they are not committed to any

particular mesodermal tissue lineage. They can remain quiescent or be activated to

30 proliferate and/or commit to a particular tissue lineage. They have the potential to be

induced (by general or lineage-specific inductive agents) to form progenitor stem cells
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for any tissue lineage within the mesodermal line any time during their life span (Young

el al, 1993, 1998a,b, this study; Rogers et al., 1995). If activated to proliferate, they

are capable of extended self-renewal as long as they remain lineage-uncommitted. For

example, a pre-natal pluripotent mouse stem cell clone retained pluripotency after

5 undergoing 690 cell doublings (Young el si, 1 998b). Once pluripotent cells are

induced to commit to a particular lineage they assume the characteristics of lineage-

specific progenitor cells, i.e., a limited (approx. 50-70) doubling life-span before

senescence, contact inhibition at confluence, and the assistance of progression factors

to stimulate phenotypic expression (Young et al., 1993, 1998a,b). For example, the

10 690+ cell doubled pre-natal pluripotent mouse stem cell clone (Young el al., 1998b)

was induced to form lineage-specific progenitor cells that formed morphologies

exhibiting phenotypic expression markers for skeletal muscle, fat, cartilage, and bone.

^nrth*™ Analysis nf Expressed mRNAs

1 5 We have used Northern blot analysis in studies thus far to examine MMP-induced

myogenesis in pluripotent cells. MMP induced the transcription ofmRNAs for

myogenin and MyoDl gene expression in pre-natal mouse pluripotent stem cells

(Rogers et al, 1995; Young et al., 1998b).

20 In summary, progenitor and pluripotent mesenchymal stem cells are present in both

pre- and post-natal animals. Mesenchymal stem cells can be found in any tissue or

organ with a connective tissue component. There is no detectable difference in

mesenchymal stem cells from any age or gender. Mesenchymal stem cells are

composed of both lineage-committed progenitor stem cells and lineage-uncommitted

25 pluripotent stem cells. Pluripotent mesenchymal stem cells can be extensively

propagated without loss of pluripotency. That once committed to a particular tissue

lineage as progenitor stem cells, that these stem cells will not revert back to a more

primitive differentiative state. That progenitor stem cells have a finite 50-70 doubling

life-span before programmed cell senescence. And that particular bioactive factors

30 (either endogenous or exogenously supplied) can genetically regulate the processes o

proliferation, lineage-commitment, and lineage-progression.
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From these studies we would propose that autologous pluripotent mesenchymal stem

cells could be used as HLA-matched donor tissue for mesodermal tissue

transplantation, regeneration, and gene therapies, particularly in instances where large

numbers of cells are needed and transplant tissues are in short supply.

10

15

Fetal

New Bom
Adolescent

Adult

Geriatric

Avian

+ +

Table 1

AGE OF DONOR TISSUE

Mouse Rabbit Rat

+

+
+ +

Human
Male Female

25 wk22wk(2)

25 wk
7 days, 18 mo.

8yo,19yo 15 yo, 19 yo

34 yo,36 yo, 25 yo,

37 yo,39 yo, 36 yo,

48 yo 40 yo

67 yo 77 yo

20

MATERIALS AND METHODS

OH Harvest and Culture

For rat cells, one day-old Sprague-Dawley rat pups were euthanized using C02

25 inhalation. The rats were soaked in 70% ethanol for 2 min., brought to a sterile hood,

skinned, and the fleshy muscle bellies of the gluteus maximus, gluteus medius, biceps

femoris, semimembranosus, semitendinosus, sartorius, quadriceps femoris, soleus, and

gastrocnemius muscles were removed. Care was taken to exclude tendons, major

blood vessels, and nerves. The muscle tissues, including associated endomysial,

30 perimysial, and epimysial connective tissue compartments, were placed in 10 ml of

complete medium and carefully minced. Complete medium consisted of 89% (v/v)

Eagle's Minimal Essential Medium with Earle's salts (EMEM) (GIBCO, Grand Island,

NY) supplemented with 10% pre-selected horse serum (lot #'s 17F-0218 or49F-0082,

Sigma Chemical Co., St. Louis, MO), 1% antibiotic solution (10,000 units/ml

35 penicillin and 10,000 mg/ml streptomycin, GIBCO), pH 7.4 (22). After mincing, the
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tissue suspension was centrifuged at 50 x g for 20 min. The supernatant was discarded

and an estimate made of the volume of the cell pellet. The cell pellet was resuspended

in 7 volumes ofEMEM, pH 7.4, and 2 volumes of collagenase/dispase solution to

release the cells by enzymatic action (Lucas et al., 1995). The collagenase/dispase

5 solution consisted of 37,500 units of collagenase (CLS-I, Worthington Biochemical

Corp., Freehold, NJ) in 50 ml ofEMEM added to 100 ml dispase solution

(Collaborative Research, Bedford, MA). The final concentrations were 250 units/ml

collagenase and 33.3 units/ml dispase (Young et al., 1995). The resulting suspension

was stirred at37°C for 1 hr to disperse the cells and centrifuged at 300 x g for 20 min.

10 The supernatant was discarded, and the tissue pellet resuspended in 20 ml ofMSC-1

medium. The cells were sieved through 90 mm and 20 mm Nitex filters (fetco Inc.,

Elmsford, N.Y.) to obtain a single cell suspension. The cell suspension was centrifuged-

at 150 x g for 10 min., the supernatant discarded, and the cell pellet resuspended in 10

ml of complete medium. Cell viability was determined by Trypan blue exclusion

15 (Young et al., 1991). Cells were seeded at 10
5
cells per 1% gelatinized (EM Sciences,

Gibbstown, NJ) 100 mm culture dish (Falcon, Becton-Dickinson Labware, Franklin

Lakes, NJ). Cell cultures were propagated to confluence at 37° C in a 95% air/5% C02

humidified environment. At confluence the cells were released with trypsin and

cryopreserved. Cells were slow frozen (temperature drop of 1 degree per minute) in

20 complete medium containing 7.5% (v/v) dimethyl sulfoxide (Sigma) until a final

temperature of -80° C was reached (Young et al., 1991). Comparable procedures

were used for isolation of human, rabbit, avian and mouse, with the origin material

differing according to the species.

25 monogenic Analysis

Aliquots of frozen cells were thawed and resuspended in complete medium. The cell

suspension was centrifuged, the supernatant discarded, and the cell pellet resuspended

in complete medium. The viability of the cells was determined by Trypan blue

exclusion. The cells were then seeded at 10
5
cells per gelatinized 100 mm dish and

30 grown to confluence. Cells were released with trypsin and cryopreserved to -80° C in
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complete medium containing 7.5% (v/v) dimethyl sulfoxide (DMSO; Morton Thiokol,

Danvers, MA).

Preconditioned Medium

5 Previous cloning studies with prenatal chicks (Young et al., 1 993) and prenatal mice

(Rogers et al., 1995; Young et al., 1998b) revealed that a higher efficacy of cloning

could be achieved if individual cells were grown in medium "pre-conditioned" by

highly proliferating cells of the same parental line. Therefore, each time the stem cells

were harvested at confluence, during log-phase growth, the culture medium was

10 pooled, filtered twice through 0.2 mm filters, divided into aliquots, and stored at 4 °C.

The resulting "preconditioned medium" was used during the cloning portion of this

study.

Propagation Pnst 50 Cell Doublings

15 Previous cloning studies in prenatal mice (Rogers et al., 1995; Young et al., 1 998b)

revealed that a higher efficacy of cloning could be achieved if cells were propagated

past 50 cell doublings prior to cloning. When such stem cells were incubated with

insulin less than 1% of the cells displayed phenotypic markers for differentiated cells of

the various mesodermal lineages. These observations suggested that a majority of the

20 progenitor stem cells were removed from the population by propagating the cells for

more than 50 cell doublings prior to cloning. Presumably propagating the cells past the

50 cell doubling Hayflick's limit caused the lineage-committed stem cells to undergo

programmed cell senescence and death (Hayfiick, 1963, 1965; Young, 1999a).

25 The standard protocol ofthawing cryopreserved cells, culturing to confluence,

collecting pre-conditioned medium during log-phase growth, releasing the cells with

trypsin, and subjecting them to cryopreservation was repeated until the stem cell

population had undergone a minimum of 50 cell doublings. In this study larger-sized

cells (with high ratios of cytoplasm to nuclei) were observed to undergo apoptosis

30 between 40 and 50 cell doublings. The majority of the cells remaining after 50 cell
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doublings were of smaller size, with smaller ratios of cytoplasm to nuclei. Aliquots of

cells propagated for more than 50 doublings were cryopreserved for cloning.

Cloning

5 Frozen aliquots of cells propagated for more than 50 doublings were thawed, grown to

confluence, released with trypsin, and centrifuged. The supernatants were discarded,

cell pellets resuspended, and the viability of the cells determined. Cells were diluted to

clonal density (1 cell per 5 ml) with cloning medium (Young et al., 1993, 1998b;

Rogers et al., 1995). Cloning medium was prepared by mixing equal volumes of

10 complete medium and preconditioned medium. Five microliters of cell suspension was

placed into the center of each well of gelatinized 96-well plates (Costar,
1

Curtain-Matheson Scientific, Atlanta, GA) and incubated at 37° C. After six hr an .

additional 200 ml of cloning medium were added to each well. Eighteen hr after initial

seeding the number of cells per well was determined. Only those wells having a single

15 cell were allowed to propagate further. The medium was removed from all other wells.

These wells were incubated with 70% (v/v) ethanol for 5 min., and dried in room air.

200 ml of sterile Dulbecco's Phosphate Buffered Saline (DPBS, GIBCO), pH 7.4,

containing 0.03% (w/v) sodium azide were added to retard contaminant growth

(Rogers et al., 1995; Young et al., 1998b).

20

For those wells allowed to propagate further, the initial cloning medium was replaced

with fresh cloning medium after 10 or more cells appeared within the wells. Cloning

medium replacement thereafter was dependent on the percentage of confluence of the

cultures, with a maximum of a five day lapse between feedings. Cultures were allowed

25 to grow past confluence. Each culture was released with trypsin, plated in toto into a

well of gelatinized 6-well plates (Falcon), fed complete medium every other day, and

allowed to grow past confluence. Cultures were released with trypsin and

cryopreserved for a minimum of 24 hr. The process of seeding at clonal density in

96-well plates in cloning medium, propagation through confluence, trypsin release,

30 propagation through confluence in 6-well plates in complete medium, culture selection,

trypsin release, and cryopreservation was repeated three times after initial cloning to
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ensure that each isolated clone was derived from a single cell. The resultant clones

were propagated, released with trypsin, aliquoted, and cryopreserved (Young et al.,

1993, 1998b; Rogers et al., 1995).

5 Tnsnlin - DexqmPthasnne Analysis for Phenotvnic Expression

Clones were examined using insulin and dexamethasone to determine their identity,

i.e., either lineage-committed progenitor cells or lineage-uncommitted pluripotent cells.

Progression factors, such as insulin, accelerate phenotypic expression in progenitor

cells but has no effect on the induction of phenotypic expression in pluripotent stem

10 cells. By contrast, lineage-induction agents, such as dexamethasone, induce

lineage-commitment and expression in pluripotent cells, but does not alter phenotypic

expression in progenitor cells. Therefore, if progenitor cells alone are present in the .

culture there will be no difference in either the quality or quantity of expressed

phenotypes for cultures incubated in insulin compared with those incubated with

1 5 dexamethasone. If the culture is mixed, containing both progenitor and pluripotent

cells, then there will be a greater quality and/or quantity of expressed phenotypes in

cultures treated with dexamethasone compared with those treated with insulin. If the

culture contains pluripotent cells alone, there will be no expressed phenotypes in

cultures treated with insulin. Similar cultures treated with dexamethasone will exhibit

20 multiple expressed phenotypes. Thus comparing the effects of treatment with

dexamethasone and insulin can identify specific types of progenitor and pluripotent

cells within an unknown group of cells (Young et al., 1992, 1993, 1995, 1998a,b,

1999a-c; Lucas et al., 1993, 1995; Pate et al., 1993; Rogers et al., 1995; Warejcka et

al., 1996).

25

Cryopreserved clones were thawed and plated in complete medium at 5, 10, or 20 x

I0
3
cells per well of gelatinized 24-well plates or 0.5 or 1.0 x 10

3
cells per well of 96

well plates following the standard protocol. Twenty-four hours after initial plating the

medium was changed to testing medium (TM) 1 to 4 (TM-1, TM-2, TM-3, TM-4) or

30 5 (TM-5). TM-1 to TM-4 consisted of Ultraculture (cat. no. 12-725B, lot. nos.

OM0455 [TM-1], 1M1724 [TM-2], 2M0420 [TM-3], or 2M0274 [TM-4],
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Bio-Whittaker, Walkersville, MD), EMEM1, and 1% (v/v) antibiotic solution (10,000

units/ml of penicillin, and 10,000 mg/ml of streptomycin, GIBCO), pH 7.4. TM-5

consisted of 98% (v/v) EMEM, 1%, 3 %, 5 % or 10% (v/v) HS (HS4, HS7, or

HS9), and 1% (v/v) antibiotic solution, pH 7.4. Testing medium containing ratios of

5 Ultraculture: EMEM: antibiotics which maintained both avian progenitor and

pluripotent cells in "steady-state" conditions for a minimum of 30 days in culture, and

as long as 120 days in culture. Four testing media (TM#'s 1-4), each containing

various concentrations of Ultraculture, were used as noted in the Experimental

Procedures. The ratios of Ultraculture to EMEM to antibiotics present in each testing

10 medium was determined empirically for each lot of Ultraculture, based on its ability to

maintain steady-state culture conditions in both populations of avian progenitor and

pluripotent cells. The four Ultraculture-based testing media were: TM# 1 = 15% (v/v)

Ultraculture (Lot no. OM0455): 84% (v/v) EMEM: 1% (v/v) antibiotics; TM# 2 =

15% (v/v) Ultraculture (Lot no. 1M1724): 84% (v/v) EMEM: 1% (v/v) antibiotics;

1 5 TM# 3 = 50% (v/v) Ultraculture (Lot no. 2M0420): 49% (v/v) EMEM: 1% (v/v)

antibiotics; and TM# 4 = 75% (v/v) Ultraculture (Lot no. 2M0274): 24% (v/v)

EMEM: 1% (v/v) antibiotics.

Pre-incubation for 24 hr in testing medium alone was used to wash out any potential

20 synergistic components in the complete medium. Twenty-four hours later the testing

medium was changed to one of the following. For controls, testing medium alone was

used. To identify clones of progenitor cells, the medium was replaced with testing

medium (TM-1 to TM-5) containing 2 ug/ml insulin (Sigma), an agent that accelerates

the appearance of phenotypic expression markers in progenitor cells (Young et al,

25 1998a). To identify clones of pluripotent cells, the medium was replaced with testing

medium (TM-1 to TM-5) containing 10" 10
to 10"6 M dexamethasone (Sigma), a general

non-specific lineage-inductive agent (Young et al., 1993, 1998a). Control and treated

cultures were propagated for an additional 30-45 days with medium changes every

other day. Four culture wells were used per concentration per experiment. During the

30 0-45 day time period the cultures were examined (subjectively) on a daily basis.

Alterations in phenotypic expression (see below) were correlated with the days of
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treatment, and associated insulin or dexamethasone concentrations. The experiment

was then repeated utilizing these parameters to (objectively) confirm the phenotypic

expression markers using established immunochemical and histochemical procedures

(Young et al., 1992a,b, 1993, 1995, 1998a, b, 1999). The cells were photographed

5 using a Nikon TMS inverted phase contrast/brightfield microscope.

Cultures that displayed multinucleated linear and branched structures that

spontaneously contracted were further evaluated using a myosin-enzyme linked

immuno-culture assay (myosin-ELICA) to verify the presence of sarcomeric myosin

10 within putative skeletal muscle cells (Young et al., 1992a,b, 1999). Cultures that

exhibited multiple refractile vesicles were further evaluated using Sudan black-B

(Roboz Surgical Co., Washington, D.C.) staining to verify the presence of saturated .

neutral lipids within putative adipocytes (Young et al., 1993, 1995; Young, 1999a).

Cultures that displayed aggregates of rounded cells containing pericellular matrix halos

15 were further evaluated using Alcian Blue (Alcian Blau 8GS, Chroma-Gesellschaft,

Roboz Surgical Co.) at pH 1.0 coupled with chondroitinase-AC (ICN Biomedicals,

Cleveland, OH)/keratanase (ICN Biomedicals) digestions to verify the presence of

chondroitin sulfate/keratan sulfate glycosaminoglycans located in the pericellular

and/or extracellular matrix surrounding putative chondrocytes (Young et al., 1989a,

20 1993, 1995; Young, 1999). Cultures that exhibited cells embedded within and/or

overlain with a three-dimensional matrix were further evaluated using von Kossa

(Silber Protein, Chroma-Gesellschaft) staining coupled with EGTA

(Ethyleneglycol-bis-[b-Aminoethyl ether] N, N, N', N'-tetraacetic acid, Sigma)

pre-treatment to verify the presence of calcium phosphate within putative mineralized

25 bone spicules (Young et al., 1989a, 1993, 1995). Cultures displaying confluent layer(s)

of cells embedded within either a granular or fibrillar extracellular matrix were further

evaluated using Alcian Blue pH 1 .0 staining coupled with chondroitinase-ABC (ICN

Biomedicals) digestion to verify the presence of extracellular chondroitin

sulfate/dermatan sulfate glycosaminoglycans surrounding putative fibroblasts (Young

30 et al., 1989a, 1993, 1995; Young, 1999).
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EXAMPLE 2

TSnr ATTON OF A POPULATION OF PLIIRIPOTENT MESENCHYMAL STEM
CRT T .S FROM APT JLT RATMARROW

5 It is known that marrow stroma contains cells capable of differentiating into

osteoblasts and chondrocytes. Marrow stroma has also been postulated to contain a

population of pluripotent cells capable of forming other phenotypes. We have shown

that cells capable of differentiating into a number of mesenchymal phenotypes, which

we call mesenchymal stem cells (MSCs), can be isolated from rat skeletal muscle. We

10 have applied these same techniques to determine ifMSCs also reside in the stromal

tissue of adult rat bone marrow. Bone marrow from 7 weeks old male rats was

harvested and the adherent cells were cultured to confluence in EMEM + 10% pre-

selected horse serum, then trypsinized, filtered, and slowly frozen in 7.5% DMSO to -

80°C. The cells were thawed, plated in the above media and treated with

15 concentrations of dexamethasone ranging from 10"
10

to 10" M for up to 5 weeks.

Phenotypes observed included skeletal myotubes (anti-myosin), smooth muscle (anti-

smooth muscle cc-actin), bone (Von Kossa's stain), cartilage (Alcec blue, pH 1.0), and

fat (Sudan black B). Marrow contains stem cells other than osteoprogenitor cells.

20 The first individual to discover osteogenic stem cells in marrow stroma was

Friedenstein (Friedenstein, 1976). Subsequent work by a number of labs confirmed the

existence of committed osteogenic precursor cells in marrow (Urist, 1989; Beresford,

1989; Beresford et al., 1994; Johnson et al., 1998; Bab et al., 1984) and their use in the

repair of orthotopic defects (Ohgushi et al, 1989; Paley et al., 1986; Grundel et al.,

25 1991). However, later Friedenstein described two populations of osteogenic cells in

marrow stroma (Friedenstein, 1995). One population Friedenstein termed Determined

Osteogenic Precursor Cells (DOPCs) and the second were Induced Osteogenic

Precursor Cells (IOPCs). The DOPCs were committed to becoming osteoblasts, but

the IOPCs were not so committed and had to be induced by some exogenous signal to

30 differentiate into osteoblasts. Experiments using demineralized bone matrix to supply

the osteogenic signal supported the the existence of IOPCs in marrow stroma
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(Bleiberg, 1985; Burwell, 1985; Lindhold et al„ 1982; Lindholm, 1980; Green et al.,

1986; Paley et al., 1986; Grundel et al., 1991; strates et al., 1989; Kataoka et al., 1993;

Theis et al, 1992).

5 Subsequent cloning experiments of marrow stromal cells by Owen and others (Ashton,

et al„ 1984; Owen et al, 1987; Vitamitjana et al, 1993; Gronthos et al, 1994) led to

the the discovery that there were cells in marrow stroma that could differentiate into

fibroblasts, adipocytes, chondrocytes, and osteoblasts. Owen then proposed that

marrow stroma contained pluripotent mesenchymal stem cells (Locklin et al, 1995;

10 Owen etal, 1988; Owen, 1988).

We have isolated a population of cells from embryonic chick skeletal muscle (Young et

al, 1991; Young et al, 1992a), neonatal rat skeletal muscle (Lucas et al, 1995],

neonatal rat heart and adult rabbit skeletal muscle that is capable of differentiating into

15 several mesodermal phenotypes in culture: skeletal muscle, adipocytes, chondrocytes,

osteoblasts, fibroblasts, smooth muscle cells, and endothelial cells. We have termed

these cells pluripotent mesenchymal stem cells. The present study was undertaken to

determine if a similar population of cells is present in adult rat marrow.

20 MATERIALS AND METHODS

Cell culture:

The procedures used for isolating cells from whole marrow are essentially identical to

those first described by Friedenstein (Friedenstein, 1976). Long bones were removed

from 6-8 week old rats, the ends cut off, and the marrow flushed out by injecting

25 Eagle's Minimal Essential Media with Earle's salts (EMEM) (GIBCO, Grand Island,

NY) supplemented with 10% pre-selected horse serum and 1% antibiotics (Fungizone,

GIBCO) through an 18 guage needle. The marrow cells were dissociated by repeated

trituration through successively smaller needles, culminating in a 22 guage needle. The

dissociated cells were filtered through 20 fM Nitex filters to obtain a preparation of

30 single cells. The cell number was determined with a hemocytometer and the cells,

which included hematopoietic as well as stromal cells, were plated at 10
7
cells per 100
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mm culture dish. The dishes had been precoated with 1% bovine gelatin (EM

Sciences, Cherry Hills NJ)

After 24 hr. in culture, the non-adherent cells were removed and the media replaced

5 with culture media described above. From this point forward procedures used were

indentical to the isolation and assay previously described. Briefly, adherent marrow

cells were cultured until confluent. The cells were The cultures were released from the

dish with 0.025% trypsin in Dulbecco's Phosphate Buffered Saline (DPBS) with 0.01%

ethylenediaminetetraacetic acid (EDTA) and filtered through a 20 /zra filter. These

10 cells were then frozen in aliquots of 1 ml containing 1Q
6

cells in EMEM + 10% horse

serum

:

and 7.5% DMSO (Sigma). Cryopreservation was performed in freezing

chambers (Fisher Scientific, Norcross, GA) to slow freeze the cells to -80°C.

After being frozen for at least 24 hours, aliquots of the frozen cells were thawed and

1 5 plated at a density of 20,000 cells per 1 6 mm well in 24-well gelatin-coated culture

plates (Corning Glass Works, Corning, NY) in EMEM + 10% horse serum and

antibiotics. These cells were designated as secondary cultures. Some wells were

maintained in the same media to allow for a control group, while the experimental

wells, beginning on day 1 in culture, were treated with the media supplemented with

20 dexamethasone (Sigma) at concentrations ranging from 10 M to 10 M for up to 5

weeks. At one week intervals during culture, cultures were fixed and assayed for

phenotypes as described below.

Assays for Phenotypes.

25 1 Mineralized Tissue . The presence of calcified tissue was assayed by Von Kossa's

staining of calcium phosphate essentially as described by Humason (Humason, 1972).

Briefly the culture medium was removed and the plates rinsed twice with DPBS. The

cells were fixed with 0.5 ml of 10% formalin (Sigma) for 3 to 5 minutes, then rinsed

four times with distilled water. Then 0.5 ml of freshly prepared 2% silver nitrate

30 (Sigma) solution was added and the cells were incubated in the dark for ten minutes.

Following incubation, the silver nitrate solution was removed and the cells rinsed five
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times with distilled water. Approximately 0.5 ml of distilled water was left on each

well. The plate was exposed to bright light for 15 minutes with a white background

underneath it to reflect light. The plates were again rinsed five times with distilled

water and then dehydrated quickly with 100% ethanol. The plates were made

5 permanent with glycerine jelly (Young et al., 199 1). Confirmation of the presence of

calcium phosphate was performed by pre-treating selected cultures with 1% w/v

[ethylene bis (oxyethylenenitrilo)]-tetraacetic acid (EGTA) (Sigma), a specific calcium

chelator, in Ca
+

,
Mg

2+
-free buffer for 1 hr prior to incubation in the silver nitrate

solution.

10 7. Cartilage . Cultures were stained with Alcian blue (Roboz Surgical Instrument,

Rockville, MD), pH 1 .0. The fixed wells were stained with 0.5 ml Alcian blue, pH 1 .0,

for 30 minutes, then removed from the wells. Unbound stain was removed by rinsing ,

the wells seven times with tap water or distilled water. The cultures were preserved

under glycerine jelly.

15 3. Fat . Sudan black B (Asbey Surgical Co., Washington, DC) staining for

saturated neutral lipid (Humason, 1972) was performed in the following manner: All

media was aspirated from the culture wells and each well was washed twice with one

ml ofDPBS. Then 0.5 ml of 70% ETOH was added to break cell membranes. After

one minute, the alcohol was aspirated and the wells washed twice with DPBS. The

20 cells were then incubated twice for 5 minutes in 100% propylene. Next, the cells were

incubated twice for 10 minutes with 0.5 ml of Sudan black B per well. Stain

differentiation was performed by rinsing the cells repeatedly with 0 ; 5 ml of each of the

following solutions until each solution was clear: Propylene: Water 90: 10, 85 : 1 5, and

70:30. The cells were washed twice for one minute using distilled water, then made

25 permanent with glycerine jelly.

4 Muscle. The cells were stained with the MF-20 antibody to skeletal muscle

myosin (Hybridoma Bank, Ames, IA) using a modified procedure ofYoung et al

(Young et al., 1992b). Each step is preceded by 2 rinses with DPBS unless noted.

After another rinse, 0.5 ml of cold methanol (-20°C) was applied for 5 minutes to fix

30 the cells. This was followed by a 5 minute incubation with 0.5 ml of 1% v/v Triton-

XI 00/0.05% w/v sodium azide in DPBS to solubilize cell membranes and inhibit
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endogenous peroxidases, respectively. A primary blocker of 20% goat serum was

applied for 30 minutes in a 37°C incubator. The primary IgG of 1 :200 dilution ofMF-

20 (0.4 ml/well) was then incubated for 1 hour. A secondary blocker of 0.5 ml of 20%

goat serum was applied for 30 min and was followed by 0.4 ml of 1 :7500 dilution of

5 biotinylated goat anti-mouse IgG (Leinco, St. Louis, MO), also incubated for 30

minutes at 37°C. A tertiary blocker, consisting of20% goat serum, was applied for 30

min and removed, then 0.4 ml of 1:3750 dilution of Streptavidin-horseradish

peroxidase (Leinco) was added and incubated at 37°C for 30 minutes. At this point

the cells were rinsed and 0.5 ml of ABTS-peroxidase substrate (Kirkegaard arid Perry

10 Labs, Gaithersburg, MD) was added for 30 minutes incubation at ambient temperature

in the dark. After incubation, 200 (A ofABTS solution was removed from the cells

and placed in a well of a 96-well ELISA plate (Falcon) containing 10 Ml of 0.03% .

sodium azide. The ELISA plate was read on a Titer Tek spectrophotometric plate

reader using a 405 nm filter.

1 5 After the aliquot ofABTS solution had been removed, the cells were rinsed twice

with 0.5 ml DPBS, then twice with 0.5 ml distilled water. Chromagen (Sigma) was

added as per the instructions in the staining kit to selected wells for future

photography. Once the color developed, 25 v\ of 0.05% sodium azide was added per

well to stop the reaction. The wells were then rinsed and made permanent with

20 glycerine jelly.

The ABTS was removed from the remaining wells and DNA content analyzed

using the in situ diaminobenzoic acid (DABA) procedure of Johnson-Wint and Hollis

(Johnson-Wint and Hollis, 1982) as previously described. Thus, the absorbance for the

myosin content and the DNA content were obtained on the same wells.

25 f, Smnoth Muscle . Smooth muscle was assayed by staining with an antibody to

smooth muscle a-actin using a kit from Sigma.

7 Endothelial Cells . Endothelial cells were identified by their ability to take up

low density lipoprotein as described by Voyta et al. (Voyta et al., 1984). Cells were

washed 5 times with Dulbecco's Minimal Essential Medium (high glucose) (DMEM)

30 (GIBCO) supplemented with antibiotics. The cells were incubated for 4 hr. at 37°C

with 10 fig per ml of l,r-dioctadecyl-3,3,3\3'-tetramethyl-indocarbocyanine
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perchlorate (Dil-Acyl-LDL) (Biomedical Technology, Stoughton, MA). The wells

were then washed 6 times with EMEM + 10% horse serum and viewed on a Nikon

Diaphot with fluorescent attachment.

5 RESULTS

Most of the cells isolated from whole marrow were hematopoietic cells that did not

adhere to the culture dish. These were removed on day 1 of culture when the media

was changed. By day 6 the cultures consisted of mostly adherent cells with a stellate

shape (FIGURE 1A and B). There were occasional clumps of cells where small,

10 round, very retractile cells seemed to be attached to stellate cells that were, in turn,

attached to the culture dish. However, the most striking feature of the cultures were

the cells that were arranged in straight lines. The lines often were measured at greatet-

than 60 mm long, nearly spanning the 100 mm culture dishes. Since the collagen was

applied with a brush in a circular pattern, it is unlikely that the cells are following lines

15 of dried collagen. The cells in a straight line appeared to have other cells attached to

them. It was noted that there was a continual supply of floating cells in the media of

the primary marrow cell cultures. This is in contrast to cultures from skeletal muscle

and heart, where there are no floating cells after first attachment.

20 After trypsin release, filtration, freezing, thawing, and replating into secondary

cultures, the lines of cells were no longer present. On average, 80% of the cells

survived the freeze-thaw, which is in accord with the data obtained for cells isolated

from skeletal muscle and heart (Lucas et al., 1995; Warejecka et al., 1996). The cells

in the secondary culture that do not receive dexamethasone are nearly uniformly

25 stellate-shaped cells (FIGURE 2A). These cells did not exhibit any phenotype even

after 5 weeks in secondary culture and were negative for all the phenotypic assays.

However, treatment with dexamethasone elicited the expression of a number of

phenotypes. As in the cultures isolated from skeletal muscle and heart, there was a

30 definite order of appearance of phenotypes in time and in the various dexamethasone

concentrations. Multinucleated cells that spontaneously contracted in culture also
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appeared between one and two weeks in culture at dexamethasone concentrations

ranging from 10'9 to 10"* M. The multinucleated cells stained with an antibody to

myosin, confirming their identity as myotubes (FIGURE 2B). By 4 weeks of treatment

with dexamethasone, cells of roughly parallelogram shape containing fibers were

7 6

5 observed. These cells were most numerous at 10" and 10" M dexamethasone. The

fibers stained with an antibody to smooth muscle a-actin and were identified as smooth

muscle cells (FIGURE 2C). After three weeks in culture small collections of very

rounded cells, all of similar size, with a refractile extracellular matrix appeared in the

wells treated with 10"
9

to 10"
6 M dexamethasone. These aggregates, which stained

10 with Alcian blue at pH 1.0, were tentatively identified as chondrocytes (FIGURE 3A-

C). Some of the cartilage nodules had very dark areas when viewed undeV phase

contrast. These dark areas stained with Von Kossa's, indicating the presence of

mineral. These nodules may represent calcified cartilage.

-8 -6

15 From approximately two weeks, cultures treated with 10 through 10 M

dexamethasone contained cells with large vesicles of varying sizes which were

refractile in appearance under phase contrast microscopy. These cells stained with

Sudan black B stain, indicating the presence of saturated neutral lipids, and have thus

been identified as adipocytes (FIGURE 4A). These cells did not stain with antibodies

20 to myosin or smooth muscle a-actin. However, in general the number of adipocytes

was less in marrow cultures than in cultures isolated from skeletal muscle. Cell

aggregates of polygonal cells appeared after four weeks in culture. They were most

-9 - 1

0

common in the wells treated with 10 to 1 0 M dexamethasone but appeared in

small numbers at all concentrations of dexamethasone. These cells had a dense

25 extracellular matrix that appeared quite dark under phase contrast microscopy, and the

matrix stained with Von Kossa's stain (FIGURE 4B). The staining could be prevented

by pre-treatment with EGTA (FIGURE 4C). All of this indicated a calcified

extracellular matrix. Therefore these cells were identified as osteoblasts. Also by 4

weeks of treatment with dexamethasone, cells of polygonal shape but without

7 6

30 discernible extracellular matrix appeared in the 10" and 10 M dexamethasone

cultures. These cells took up Dil-Acyl-LDL into cytoplasmic vesicles (FIGURE 5A
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and B) and have thus been identified as endothelial cells. The incubation period with

Dil-Acyl-LDL was limited to 4 hr., and the smooth muscle cells did not exhibit staining

(data not shown). Finally, areas of spindle-shaped cells that grew in swirl patterns and

had agranular matrix that stained lightly with Alcian blue, pH 1 .0 appeared at 1 0 to

5 1

0"8M dexamethasone treatment (data not shown). On the basis of the morphology

and staining pattern, the cells were tentatively identified as fibroblasts.

DISCUSSION

We were able to isolate a population of cells from bone marrow that responded to

10 dexamethasone treatment by differentiating into a number of phenotypes in a manner

nearly identical to cells obtained from skeletal muscle and heart. The primary cultures

were not identical to primary cultures isolated from muscle and heart, however. This is.

not surprising, since each tissue contains a unique complement of differentiated cells

and their immediate precursors. Primary cultures from skeletal muscle contained

15 differentiated multinucleated myotubes while primary cultures from heart contained

cardiac myocytes (Lucas et al., 1995; Warejecka et al, 1996). Both these phenotypes

were absent from primary marrow cultures [FIGURE 1]. However, primary marrow

cultures had a unique feature, the long, straight lines of cells. These have never been

reported before in the literature and we are somewhat at a loss to explain their

20 appearance in these cultures. However, they were reproducible over several

independent preparations. One possibility could be that the cells aligned along lines of

dried collagen since the plates were pre-coated with collagen. This appears unlikely,

however, given that the collagen was applied with a brush that was used in a circular

motion. Changes in collagen application had no effect upon the formation of the

25 straight lines of cells (data not shown). Another possibility is that the lines represent

the differentiated stromal cells in the culture attempting to form a hematopoietic

environment. The culture conditions and the use of pre-selected horse serum may

favor this. We have already seen that most lots of serum cause the cells to differentiate

into fibroblasts and be unresponsive to dexamethasone treatment (Lucas et al., 1995).

30 Perhaps prevention of fibroblast differentiation allows the differentiated stromal cells to

more explicitly express their phenotype for easier observation. The continual renewal
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of floating cells in the media is also different from primary cultures from skeletal

muscle and heart but would be consistent with a differentiated hematopoietic tissue.

The nature of the cells within the lines and the floating cells needs to be investigated

further.

5

Whereas the primary cultures differed from those obtained from skeletal muscle and

heart, the secondary cultures appeared identical to those from the other tissues and

behaved identically to treatment with dexamethasone. Control secondary cultures

consisted of stellate-appearing cells that did not demonstrate any differentiation over

10 the 5 weeks of culture, Treatment with dexamethasone elicited the appearance of fully

differentiated phenotypes in a typical temporal sequence and a typical range of

dexamethasone concentrations. The first fully differentiated phenotype to be

recognized was multinucleatd myotubes which appeared from 1 to 2 weeks in culture ,

followed by adipocytes at 3 weeks in culture and then chondrocytes, osteoblasts,

15 smooth muscle cells, and endothelial cells at 4 weeks. Different concentrations of

dexamethasone elicited the differentiation of different phenotypes: smooth muscle

cells and endothelial cells were most abundant at 10'7 and 10
-6 M dexamethasone,

adipocytes were present in dexamethasone concentrations ranging from 10"8
to 10

6 M,

chondrocytes and skeletal myotubes were present at 10"9 to 10'6M dexamethasone,

20 while osteoblasts were present in small amounts at all concentrations of dexamethason.

From this it can be seen that one culture could have several phenotypes present, and

indeed it is common to see all the phenotypes in cultures treated with 10"7 M

dexamethasone. Both the time of appearance of the different phenotypes and the

concentrtions of dexamethasone used to induce the phenotypes correspond to the

25 results obtained in secondary cultures isolated from rat skeletal muscle and heart.

However, the effects of dexamethasone on the secondary cultures of marrow cells

differ from that previously reported. In most cases, treatment of marrow stromal cells

with dexamethasone in vitro results in the differentiation of osteoblasts (Vilamitjana-

30 Amedee et al., 1993; Beresford et al., 1994; Klein et al., 1994; Gronthos et al., 1994;

Owen et al., 1987) although some studies have also reported the differentiation of
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adipocytes (Beresford et al., 1994; Klein et al., 1994; Grontos et al., 1994; Owen et

al., 1987). However, no one has reported the differentiation of skeletal muscle

myotubes, chondrocytes, or endothelial cells. The absence of the differentiation of

chondrocytes in vitro is unusual in that several in vivo studies of marrow stromal cells

5 in diffusion chambers report the appearance of cartilage in the chambers (Bab et al.,

1984; Bab et al., 1988; Zipori, 1989). The previous studies may have been looking at

the differentiation potential of committed precursors, as indeed has been the case of

some of the studies on osteogenesis and adipogenesis. However, culture conditions

may again account for the difference. One, the isolation procedure used here is

10 designed to eliminate precursor cells by allowing them to differentiate in the primary

cultures. The differentiated cells are then preferentially killed during the freeze-thaw

process (Young et al., 1991), demonstrated here again with the complete absence of^.

differentiated phenotypes in the control cultures. Two, without exception, previous

studies have used fetal bovine serum in the culture medium. Our experience is that

1 5 fetal bovine serum differentiates the uncommitted cells in the secondary cultures to

fibroblasts, eliminating any response to dexamethasone (Lucas et al., 1995). While the

exact mechanism of action of dexamethasone is not known, it appears that it stimulates

the differentiation of all possible pathways of the cell (Lucas et al., 1995). In the case

of committed precursor cells, this will result in terminal differentiation of that

20 phenotype, but in the case of multipotential cells dexamethasone will induce the

committment and differentiation of each of the possible phenotypes (Lucas et al.,

1995). Thus previous studies detected the differentiation of osteoblasts because they

did not attempt to eliminate committed progenitor cells, i.e. pre-osteoblasts, and

uncommitted cells in the culture were committed to the fibrogenic lineage by the

25 serum.

EXAMPLE 3

GRANULATION TISSUE CONTAINS CELLS CAPABLE OF

DTFFFRF.NTTATING INTO MULTIPLE MESODERMAL PHENOTYPES

30
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Previously, we have isolated cells from neonatal rat skeletal muscle capable of

differentiating into a number of mesenchymal phenotypes when treated with a non-

specific differentiating agent such as dexamethasone. We have termed these cells

mesenchymal stem cells and have postulated they may be present in granulation tissue.

5 In order to test this hypothesis cells were isolated from granulation tissue and assayed

for their ability to form multiple mesodermal phenotypes. Stainless steel wound

chambers were implanted subcutaneously into 7 week old male rats. They were

removed 7 or 14 days post-implantation and scraped of adhering tissue. The cells were

isolated by digestion with collagenase/dispase and cultured in gelatin-coated dishes in

10 media with pre-selected horse serum until confluent. The cells were released with

trypsin and frozen in 7.5% dimethylsulfoxide (DMSO) at -80 °C, then thawed and

cultured in the same media supplemented with 10"
6
to 10" M dexamethasone. Cells,

from both time points behaved similarly in culture. Control cultures contained cells

with a stellate morphology and were similar in appearance to cells isolated from

15 skeletal muscle. However, the following phenotypes were observed upon treatment

with" dexamethasone: long, multinucleated cells that spontaneously contracted in

culture and stained with an antibody to myosin (skeletal myotubes), nodules of

rounded cells whose extracellular matrix stained with Alcian blue, pH 1.0 (cartilage),

rounded cells whose extracellular matrix stained with Von Kossa's stain for mineral

20 (bone), round cells with large vesicles that stained with Sudan black B (adipocytes),

large cells with intracellular fibers that stained with an antibody to smooth muscle a-

actin (smooth muscle), round cells that incorporated acylated ow density lipoprotein

(endothelial cells), and granulated and fibrillar cells (connective tissue). These results

suggest the presence of mesenchymal stem cells within granulation tissue capable of

25 forming multiple mesodermal tissues rather than solely fibrous connective tissue scar.

If these cells can be appropriately manipulated in vivo, actual tissue regeneration could

be achieved as opposed to theformation of scar tissue.

The cellular events associated with cutaneous wound healing have been extensively

30 studied (for recent reviews, see Clark, 1 993; Bennett, 1 993a, 1 993b; Hunt and LaVan,

1989; Falanga, 1993; Orgill andDemling, 1988; Springfield, 1993). First, trauma
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causes the rupture of capillary beds which releases blood into the perivascular tissue

spaces where it clots to form a hematoma. During the hematoma formation platelets

aggregate and degranulate, releasing a number of growth factors into the clot.

Components of the clot and the released growth factors attract macrophages that

5 migrate to and degrade the clot. The macrophages also synthesize and release

numerous growth factors which act on the capillary endothelial cells and fibroblasts in

the surrounding undamaged tissues. Some of the growth factors, notably basic

fibroblast growth factor (bFGF), cause the proliferation and migration of endothelial

cells (Folkman and Klagsbrun, 1987; Connolly et al., 1987). These cells form new

10 capillary loops just behind the macrophages and restore circulation to the wound.

Meanwhile, the fibroblasts proliferate and also migrate into the wound, following the

macrophages. The fibroblasts begin secreting an extracellular matrix composed

principally of type I collagen, proteoglycans, and fibronectin. This eventually becomes

a very dense matrix and, as the collagen molecules undergo cross linking, a fairly

15 strong matrix. This combination of fibroblasts and associated extracellular matrix

composes the scar tissue.

While scar tissue inevitably forms in subcutaneous tissue following trauma in the

absence of exogenous agents, studies using demineralized bone matrix and proteins

20 purified from that matrix have shown the de novo induction of cartilage and bone in a

subcutaneous site (Urist, 1989; Reddi and Huggins, 1972; Weiss and Reddi, 1981;

Reddi, 1981; Lucas et al., 1 990; Weiss and Reddi, 1980; Reddi and Anderson, 1976;

and Wang et al., 1990). The cellular events of this induction have been studied and

consist of tissue trauma leading to formation of a hematoma, infiltration of

25 macrophages followed by "mesenchymal cells", and new capillaries. The mesenchymal

cells differentiate into chondrocytes which then hypertrophy. The hypertrophic

chondrocytes are replaced by bone through classic endochondral bone formation

(Reddi, 1981; Reddi and Anderson, 1976). The early cellular events of this sequence

are identical with wound healing with the exception of the appearance of mesenchymal

30 cells in place of fibroblasts. This data implies the existence of cells in wounds with the

capability to differentiate into tissues other than a fibrogenic scar.
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Previous studies have demonstrated the existence of a population of cells located

within the connective tissues surrounding skeletal muscle (Lucas et al., 1995) with

dexamethasone, a non-specific differentiating agent, these cells differentiated not only

into fibroblasts but also into other mesodermal phenotypes such as skeletal muscle,

5 smooth muscle, endothelial cells, cartilage, bone, and fat. These cells were thus

designated as "mesenchymal stem cells" (MSCs). Additional studies demonstrated that

MSCs are resident within the connective tissue compartments of various organs

(Young et al., 1995). Since these cells are normally present within connective tissues

of various organs and, thus, may contribute to the wound healing response after tissue

10 trauma, we conducted the following experiments to determine if these cells are also

present in the granulation tissue of healing wounds.

MATERIALS AND METHODS

Cell culture;

15 Wound chambers were constructed from stainless steel mesh fashioned into cylinders

3.5 cm long as described by Schilling (Schilling et al., 1959, 1969) and modified by

Goodson (Goodson et al., 1976). The wound chambers were cleaned by soaking them

in benzene then ethanol, washed in soapy water, and then thoroughly rinsed. They

were sterilized in an autoclave.

20

Seven week old rats were anesthetized with intraperitoneal pentobarbital. The

abdomen was shaved and cleaned with providone-iodine solution. The wound

chambers were inserted into the abdominal panniculus by the method ofHunt et al.

(Hunt et al., 1966) and the wound closed with stainless steel wound clips.

25

The wound chambers were removed either 7 or 14 days post-implantation and putative

stem cells were isolated using a previously described two-step procedure for the

isolation of mesenchymal stem cells (Lucas et al., 1995). First, all the adhering tissue

was removed from the wound chamber under sterile conditions. The chamber was

30 then opened, the volume of tissue in the chamber estimated visually, and the chamber

transferred to a 100 ml media bottle containing a magnetic stir bar. Seven volumes of
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Eagle's Minimal Essential Media with Earle's salts (EMEM) (GIBCO, Grand Island,

NY) containing 250 units/ml collagenase (CLS-I Worthington Biochemicals, Freehold,

NJ), 33.3 units/ml dispase (Collaborative Research, Bedford, MA) were added and the

mixture was stirred at 37 °C for VA hr until the tissue in the wound chamber was

5 digested. The mixture was transferred to centrifuge tubes and centrifuged at 300 x g

for 20 min. The supernatant was discarded, 20 ml ofEMEM supplemented with 10%

pre-selected horse serum and penicillin-streptomycin, pH 7.4 was added, and the cells

filtered through a 20 /mi filter to obtain a single cell suspension. Again the cells were

centrifuged at 150 x g for 10 min., the supernatant discarded, and 10 ml ofEMEM +

10 10% horse serum added. The cells were counted on a hemocytometer and plated at

100,000 cells per 100 mm culture dish coated with 1% bovine gelatin (EM Sciences,

Cherry Hills, NJ). Cultures were maintained in EMEM supplemented with 10% pre-

selected horse serum and antibiotics.

15 After approximately 8 days, the cells had reached confluence and the cultures consisted

of mononucleated cells with a few multinucleated myotubes. The cells were released

with 0.05% trypsin and the cells filtered through a 20 fj.m filter that removed the

myotubes, leaving the mononucleated cells. The cells were then frozen in EMEM +

1 0% horse serum + 7.5% DMSO at -80° C. Aliquots of the cells were thawed and

20 plated at a density of 5,000 cells per 16 mm well in a 24 well gelatin-coated culture

plate (Corning Glass Works, Corning, NY). Cultures were maintained in the same

media for controls, but experimental dishes were treated with media containing

dexamethasone in concentrations ranging from 10 M to 1 0 M. At 4 or 5 weeks,

cultures were fixed and assayed for phenotypes as described below.

25

/\ssays for Phenotvoes:

1 Muscle. Skeletal muscle myotubes were observed morphologically as

multinuclear linear and branched structures that spontaneously contracted in culture

(Young et al., 1992a). Confirmation of the skeletal muscle phenotype was obtained

30 immunochemically by staining the cells with the MF-20 antibody to sacromeric myosin

(Hybridoma Bank, Ames, IA) using a modified procedure ofYoung et al (Young et
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al., 1992b). Each step is preceded by 2 rinses with DPBS unless noted. After rinsing

the cell layer with DPBS, 0.5 ml of cold methanol (-20°C) was applied for 5 minutes

to fix the cells. This was followed by a 5 minute incubation with 0.5 ml of 1% v/v

Triton-X100/0.05% w/v sodium azide in DPBS to solubilize cell membranes and

5 inhibit endogenous peroxidases, respectively. A primary blocker of20% goat serum

was applied for 30 minutes in a 37°C incubator. The primary IgG of 1 :200 dilution of

MF-20 (0.4 ml/well) was then incubated for 1 hour. A secondary blocker of 0.5 ml of

20% goat serum was applied for 30 min. and was followed by 0.4 ml of 1 :7500

dilution of biotinylated goat anti-mouse IgG (Leinco,. St. Louis, MO), also incubated

10 for 30 minutes at 37°C. A tertiary blocker, consisting of20% goat serum, was applied

for 30 min. and removed, then 0.4 ml of 1 :3750 dilution of Streptavidin-horseradish

peroxidase (Leinco) was added and incubated at 37°C for 30 minutes. At this point

the cells were rinsed twice with 0.5 ml DPBS, then twice with 0.5 ml distilled water.

Chromagen (Sigma) was added as per the instructions in the staining kit to selected

15 wells for future photography. Once the color developed, 25 [A of0.05% sodium azide

was added per well to stop the reaction. The wells were then rinsed and made

permanent with glycerine jelly.

2. Cartilage . Cultures were stained with Alcian blue (Roboz Surgical Instrument,

Rockville, MD), pH 1.0. Cells were fixed in 10% formalin then stained with 0.5 ml

20 Alcian blue, pH 1.0, for 30 minutes, then removed from the wells. Unbound stain was

removed by rinsing the wells seven times with tap water or distilled water. The

cultures were preserved under glycerine jelly.

3. Mineralized Tissue . Possible mineralized tissue was distinguishable as

aggregates of polygonal cells surrounded by a very dense extracellular matrix.

25 Confirmation of the calcified nature of the extracellular matrix was done by

histochemical staining for calcium phosphate using the Von Kossa procedure as

described by Humason (Humason, 1 972). Briefly, the culture medium was removed

and the plates rinsed twice with DPBS. The cells were fixed with 0.5 ml of 10%

formalin (Sigma) for 3 to 5 minutes, then rinsed four times with distilled water. Then

30 0.5 ml of freshly prepared 2% silver nitrate (Sigma) solution was added and the cells

were incubated in the dark for ten minutes. Following incubation, the silver nitrate
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solution was removed and the cells rinsed five times with distilled water.

Approximately 0.5 ml of distilled water was left on each well. The plate was exposed

to bright incandescent light for 15 minutes with a white background underneath it to

reflect light. The plates were again rinsed five times with distilled water and then

5 dehydrated quickly with 100% ethanol. The plates were made permanent with glycerin

jelly. Confirmation of the presence of calcium phosphate was performed by pre-

hearing selected cultures with 1% w/v [ethylene bis (oxyethylenenitrilo)]-tetraacetic

2+ 2+
acid (EGTA) (Sigma), a specific calcium chelator, in Ca , Mg -free buffer for 1 hr

prior to incubation in the silver nitrate solution (Humason, 1972).

10 4. Fat . Sudan black B (Asbey Surgical Co., Washington, DC) staining for

saturated neutral lipid (Humason, 1972) was performed in the followingmanner: All

media was aspirated from the culture wells and each well was washed twice with one-

mi ofDPBS. Then 0.5 ml of70% ethanol was added to break cell membranes. After

one minute, the alcohol was aspirated and the wells washed twice with DPBS. The

15 cells were then incubated twice for 5 minutes in 100% propylene. Next, the cells were

incubated twice for 10 minutes, with 0.5 ml of Sudan black B per well. Stain

differentiation was performed by rinsing the cells repeatedly with 0.5 ml of each of the

following solutions until each solution was clear: Propylene: Water 90: 10, 85: 15, and

70:30. The cells were washed twice for one minute using distilled water, then made

20 permanent with glycerine jelly.

5. Smooth Muscle . Smooth muscle was assayed by staining with an antibody to

smooth muscle a-actin using a kit from Sigma.

6. Endothelial Cells . Endothelial cells were identified by their ability to take up

low density lipoprotein as described by Voyta et al. (Voyta, 1984). Cells were washed

25 5 times with Dulbecco's Minimal Essential Medium (high glucose) (DMEM) (GEBCO)

supplemented with antibiotics. The cells were incubated for 4 hr. at 37°C with 10 fj.g

per ml of l.r-dioctadecyl-S.S^'.S'-tetramethyl-indocarbocyanine perchlorate (Dil-

Acyl-LDL) (Biomedical Technology, Stoughton, MA). The wells were then washed 6

times with EMEM + 1 0% horse serum and viewed on a Nikon Diaphot with

30 fluorescent attachment.
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RESULTS

Primary cultures grew as mononucleated stellate-shaped cells until the cells reached

confluence (FIGURE 6A and B). After release of the cells with trypsin, filtration, and

cryopreservation, the cells remained stellate-shaped when plated. At 4 weeks, the

5 control cultures still consisted of stellate-shaped cells (FIGURE 7A). However,

cultures treated with dexamethasone demonstrated several morphologies. Beginning

about one week in culture both linear and branched multinucleated cells that

spontaneously contracted appeared in all dexamethasone concentrations, but appeared

-8 -7
to be more numerous at 10 and 10 M dexamethasone (FIGURE 7B). These cells

10 stained with an antibody to skeletal sarcomeric myosin (FIGURE 7C) and were

identified as skeletal muscle myotubes.

-9 -6
Cultures treated with 10 - 10 M dexamethasone contained nodules ofround cells

with a refractile pericellular matrix when observed with phase contrast microscopy.

15 Two morphologies of these nodules were identified. One morphology had mounded

cell aggregates without a distinct border but with the cell aggregates merging with the

stellate-shaped cell layer (FIGURE 8A). The second morphology consisted of

mounded cell aggregates containing a sharp boundary with the stellate-shaped cell

layer (FIGURE 8B). The pericellular matrix of both nodular morphologies stained

20 with Alcian blue, pH 1.0, indicating the presence of sulfated glycosaminoglycans

(FIGURE 8A and B). Based on particular cellular morphology and histological

staining patterns, these cells were identified as chondrocytes in cartilage nodules.

Cell aggregates of polygonal cells appeared after four weeks in culture. They were
-9 -10

25 most common in the wells treated with 10 to 1 0 M dexamethasone but appeared

in small numbers at all concentrations of dexamethasone. These cells had a dense

extracellular matrix that appeared quite dark under phase contrast microscopy, and the

matrix stained with Von Kossa's stain (FIGURE 8C). It was found that the staining

could be prevented by pre-treatment with EGTA (data not. shown). All of this

30 indicated a calcified extracellular matrix. Therefore these cells were tentatively

identified as osteoblasts.
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-8-6
Cultures treated with 10 - 10 M dexamethasone contained cells with intracellular

vesicles that first appeared at 2 weeks of culture. The intracellular vesicles stained

black with Sudan Black B, indicating the presence of neutral lipids (FIGURE 9A).

Based on the particular morphology and the histochemical staining pattern, these cells

5 were identified as adipocytes. In FIGURE 9A adipocytes with their characteristic

intracellular vesicles/lipid droplets can be seen in proximity to the cartilage nodule.

This highlights two characteristics of the culture system: 1) dexamethasone can non-

specifically induce multiple mesodermal phenotypes and 2) multiple phenotypes

appeared at each dexamethasone concentration in each culture well.

10

-7 -6 v

At dexamethasone concentrations of 10 and 10 M and after 3 weeks in culture,

cells appeared that were extremely large, stellate or quadrilateral in shape, and

contained distinguishable intracellular fibers. These cells stained with an antibody to

smooth muscle a-actin (FIGURE 9B). The staining was especially intense in

15 intracellular fibers. We have therefore identified these cells as smooth muscle cells.

7 6
At the same concentrations of dexamethasone (10 and 10 M) and also after 3

weeks in culture, individual non-aggregating polygonal to round mononucleated cells

appeared. These cells incorporated fluorescent labeled acyl-low density lipoprotein

into the cytoplasm (FIGURE 10A and B). The staining was perinuclear with the

20 nucleus being conspicuous in several cells. We have thus identified these cells as

endothelial cells.

-9 -7
At 10-10 M concentrations of dexamethasone, aggregations of confluent spindle-

shaped cells in swirl patterns with non-retractile granular extracellular matrices were

25 recognized in the cultures after 3 weeks. These extracellular matrices of these cells

stained with Alcian blue pH 1 .0 in a pattern indicative of fibroblastic cells (data not

shown). We have thus tentatively identified these cells as fibroblasts.

There were only minor differences between cultures obtained from wound chambers

30 removed 7 days post-implantation from those removed on day 14 post-implantation.
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Cultures from both time points demonstrated the same phenotypes at the same

dexamethasone concentrations.

DISCUSSION

5 Previous work from our laboratory has demonstrated the existence of a population of

cells located in the skeletal muscle of chicks, rats, and rabbits capable of differentiating

into several mesodermal phenotypes (Lucas et al., 19995; Young et al., 1992a; Pate et

al., 1993). A similar population of cells has been found in several connective tissues of

the embryonic chick (Young et al., 1995) and in newborn rat heart (Warejcka, 1996).

10 Following the terminology ofOwen (Owen, 1987) we have termed these cells

-V

mesenchymal stem cells for their apparent unlimited proliferation potential (Lucas et

al., 1995; Young et al., 1993) and their ability to differentiate into cells of the

mesodermal (mesenchymal) developmental lineage. In this study we have applied the

same isolation and testing procedure to granulation tissue obtained from Hunt-

15 Schilling wound chambers implanted for 7 or 14 days subcutaneously into 7 week old

rats'.

The isolation procedure for the cells in the current study was identical to that used for

rat muscle and heart (Lucas et al., 1995; Warejcka, 1996). Care was taken to scrape

20 adhering tissue from the wound chambers so that only the granulation tissue that had

grown into either the mesh or interior of the chamber was used. Isolated cells were

grown in primary culture until confluent in order to allow any contaminating

progenitor cells to differentiate into phenotypically recognizable morphologies. In

these primary cultures only a few skeletal myotubes appeared, with no other

25 discernible differentiated phenotypes present. The primary cultures were then released

with trypsin, slow frozen to -80°C in 7.5% DMSO, and thawed and plated into

secondary culture. The freeze'-thaw step is designed to eliminate differentiated

phenotypes while allowing survival of the mesenchymal stem cells.

30 When grown in medium alone, the secondary cultures maintain a stellate morphology

and do not differentiate (FIGURE 7A). Differentiation must be stimulated by an
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exogenous agent and dexamethasone is used to accomplish this. In this system

dexamethasone acts as a non-specific differentiating agent. Although its exact

mechanism of action is unknown, dexamethasone has been used in a number of culture

systems to stimulate differentiation of stem cells (Ball and Sanwal, 1980; Owen and

5 Joyner, 1987; Bellows et al., 1990; Greenberger, 1979; Houner et al, 1987; Schiwek

and Loffler, 1987; Bernier and Goltzman, 1993; Zimmerman and Cristae, 1993;

Grigoriadis et al., 1989; and Guerriero and Florini, 1980).

Cells in the secondary cultures treated with dexamethasone differentiated into several

10 morphologies indicative of skeletal muscle myotubes, chondrocytes, osteoblasts,

i

adipocytes, smooth muscle cells, endothelial cells, and fibroblasts. Phenotypic

confirmation was obtained by immunochemical, histochemical, or functional LDL- ~

uptake techniques designed to identify particular phenotypic expression markers for

the particular differentiated cells. The timing of the appearance of the particular

15 phenotypes and the particular concentration of dexamethasone used to elicit these

responses in this study were identical to those conditions for mesenchymal stem cells

isolated from embryonic chick (Young et al., 1992a), embryonic rat periosteum

(Grigoriadis et al., 1988), neonatal rat skeletal muscle (Lucas et al., 1995), neonatal rat

heart (Warejcka et al, 1996), and adult rabbit skeletal muscle (Pate et al., 1993). The

20 cells isolated in this study from rat granulation tissue appear to behave identically in

culture to populations ofMSCs present in other connective tissues. It therefore seems

likely that the cells in this study are a population ofMSCs.

Theoretically, this population ofMSCs may be composed oftwo subpopulations: 1)

25 progenitor stem cells for each of the phenotypes observed and/or 2) lineage

uncommitted pluripotent stem cells. Previous examples of the existence of lineage-

committed progenitor stem cell populations include the unipotent progenitor

myosatellite stem cell of skeletal muscle (Mauro, 1961; Snow, 1978; Grounds, 1990,

1991), the unipotent progenitor chondrogenic and osteogenic stem cells of the

30 perichondrium and periosteum, respectively (Bloom and Fawcett, 1994), and the

bipotent progenitor chondrogenic, osteogenic stem cells in marrow (Owen,



WO 01/21767 POYUS00/26225

107

1988;Beresford, 1989). The existence of lineage-uncommitted pluripotent MSCs is

based on the results from clonally isolated stem cells. Individual clonal cell lines

derived from embryonic rat periosteum (Grigoriadis, 1 988) and embryonic chick

skeletal muscle, dermis, and heart (Young et al., 1993) have demonstrated multiple

5 phenotypes when treated with dexamethasone, suggesting the existence of lineage-

uncommitted pluripotent stem cells in these tissues. In addition, preliminary data from

clonal cell lines generated from cells isolated from neonatal rat skeletal muscle have

also shown individual clones that can differentiate into multiple mesodermal

phenotypes (Davis et al., 1995), suggesting continuance of pluripotent stem cells into

10 post-partum life.

In the present study the culture medium allows differentiation of lineage-committed -

progenitor cells in the primary cultures, where skeletal muscle myotubes were

observed. However, secondary cells cultured in the same medium did not exhibit

15 differentiation into the mesodermal phenotypes assayed (FIGURE 8A). It seems

unlikely that dermis would contain lineage-committed progenitor cells for

chondrocytes or osteoblasts. Therefore, it appears likely that at least some of the cells

in the secondary cultures obtained from granulation tissue are lineage-uncommitted

pluripotent MSCs.

20

Of additional interest to this study is the potential origin of the MSCs isolated from the

wound chambers and the age of the animals examined. As described in the Methods

section, only cells within the wound chambers were used for the analysis. This

suggests a migratory ability for the mesenchymal stem cells and that they originated

25 from tissue surrounding the wound chamber. The MSCs apparently migrate into a

wound concurrently with the other cell types described in wound healing: fibroblasts

and vascular cells. The animals used in this study were 7 weeks old at the time of

implantation of the wound chambers. The existence ofMSCs in the granulation tissue

indicates that MSCs persist into adult life (Pate et al., 1993).
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Mesenchymal stem cells isolated from wound chambers that had been implanted for 7

or 14 days had identical responses to dexamethasone treatment. Previous studies have

shown that granulation tissue is present in wound chambers at 7 days and reaches a

maximum at 14 days (Schilling et al., 1969). After 14 days the granulation tissue is

5 gradually remodeled to form a connective tissue scar. The current results indicate that

mesenchymal stem cells are present throughout the granulation phase ofwound healing

and therefore may be capable of participating in the wound healing response..

However, it is impossible to estimate the absolute number of mesenchymal stem cells

present in the wound chambers. The isolation procedure of primary culture followed

10 by freeze-thawing and growth in secondary culture does not permit comparisons in the

number of mesenchymal stem cells present in the original tissue. In addition, the

proliferative capabilities ofboth subpopulations of stem cells, lineage-committed and -

pluripotent, render such calculations difficult. Previous studies have shown that

lineage-committed progenitor cells have an approximate life span of fifty cell doublings

15 before programmed cell senescence (Hayflick, 1965), whereas pluripotent MSCs are

essentially proliferation immortal as long as they stay uncommitted to a particular

lineage (Lucas et al., 1995; Young et al., 1993). Comparisons of the relative

abundance ofMSCs in granulation tissue must wait until a marker for mesenchymal

stem cells is available.

20

The presence ofmesenchymal cells in granulation tissue challenges the current view of

wound healing. This view states that the cells that migrate into wounds are thought to

be vascular cells (smooth muscle and endothelial cells) and fibroblasts. The implication

is that formation of a fibrous connective tissue scar is inevitable. Based on our studies,

25 we propose that at least a portion of the cells that migrate into the wound site are

mesenchymal stem cells with the potential to form multiple mesodermal phenotypes.

As shown, MSCs are present in the surrounding connective tissues, can migrate in

conjunction with other cells constituting the "granulation tissue", and have the

capability of differentiating into a number of mesodermal phenotypes including

30 fibroblasts, endothelial cells, and smooth muscle cells. Previous studies have

demonstrated that MSCs placed into full-thickness articular cartilage defects
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differentiate into cartilage and bone under the influence of local, endogenous factors

(Grande et al., 1995). We would therefore propose that one or more local factors

present at a wound site have the potential to influence the commitment and subsequent

differentiation ofMSCs into the observed phenotypes in connective tissue scar, i.e.

5 fibroblasts, endothelial cells, and smooth muscle cells. A large number of growth

factors released by degranulating platelets, macrophages, lymphatic cells, and present

in the systemic circulation during wound healing have been identified and their

functions with respect to lineage-committed progenitor cells have been characterized

(Clark, 1993; Bennett, 1993a, 1993b; Hunt and LaVan, 1989; Falanga, 1993; Orgill

10 and Demling, 1988; Springfield, 1993; Adolph et al., 1993). However, a number of

unknown factors remain for identification, characterization, and functional analysis for

their effects on both progenitor stem cells and pluripotent mesenchymal stem cells. ^

This view is supported by the presence in most lots of serum of an activity that causes

the in vitro differentiation ofMSCs to spindle-shaped cells that form swirl patterns

15 (fibroblasts) (Lucas et al., 1995).

We would postulate that, if the local environment is altered, the resident MSCs present

at the wound site may form tissues other than fibrous connective tissue scar. This view

is supported by the studies where bone morphogenetic is placed at an extra-skeletal

20 subcutaneous wound site. This results in the appearance of first cartilage which

subsequently undergoes endochondral ossification to form bone (Urist, 1989; Reddi

and Huggins, 1972; Reddi, 1981; Wang et al., 1990). Separate studies have indicated

that the respondent cells are resident at the site of implantation (Weintroub et al.,

1990). Implantation of another morphogenetic protein, muscle morphogenetic protein,

25 in a subcutaneous site results in the differentiation of skeletal myotubes in the dermal

tissue (Lucas et al., 1996). Finally, levels of transforming growth factor-13 (TGF-13)

have also been manipulated by the addition of antibodies to TGF-fil or the addition of

exogenous TGF-133 to effect cutaneous wound healing (Ferguson, 1994; Shah et al.,

1992, 1994, 1995). These studies revealed that antibodies to TGF-Bl or exogenous

30 TGF-B3 reduced scarring and resulted in normal appearing dermis. We would

speculate that alteration of the levels ofTGF-B isoforms at the wound site resulted in a

/
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shift in differentiation ofMSCs away from scar fibroblasts and towards normal

fibroblasts resulting in the normal appearing dermis.

10

The presence of a population of mesenchymal stem cells in granulation tissue opens the

possibility of true tissue regeneration as opposed to scar tissue formation.

Regeneration would require that the mesenchymal stem cells be appropriately and

specifically manipulated to differentiate into desired tissues. We are currently testing

bioactive factors for their ability to 1) inhibit fibrogenesis and 2) stimulate specific

phenotypes.

EXAMPLE 4

MESENCHYMAL STEM CELLS ISOLATED FROM ADULT

15 HUMAN SKELETAL MUSCLE

Wound healing is the response to injury, but results in nonfunctional scar tissue. A

more desirable result would be tissue regeneration. We hypothesized the existence of

a mesenchymal stem cell which was capable of differentiating into the tissue normally

20 found in the limb - bone, muscle, fat, dermis, etc. and have found such a cell

population in fetal and adult rat skeletal muscle. These experiments were designed to

isolate these cells from adult human tissue. Skeletal muscle was harvested from an

amputated leg of a 75-year old diabetic female and a 35-year old male. .

Mononucleated cells were enzymatically isolated and cultured in Minimal Essential

25 Media with Earle's salts (EMEM) supplemented with 10% pre-selected horse serum.

This preparation contained committed myogenic cells which were allowed to

differentiate into myotubes. The cultures were then trypsinized, filtered, frozen in

7.5% DMSO at -80 degrees C, thawed, and plated, where they were cultured in the

same media as above supplemented with dexamethasone (a non-specific differentiation

-10 -6
30 agent) at concentrations ranging from 10 -10 . M for 2-6 weeks. Control cultures

exhibited the stellate morphology typical ofmesenchymal stem cells. Cultures treated
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with dexamethasone contained the following phenotypes: long, multinucleated cells

that stained with an antibody to myosin (skeletal muscle), round cells with lipid

droplets that stained with Sudan Black B (adipocytes), round cells with extracellular

matrix that stained with Alcian Blue, pH 1.0 (cartilage), cells that stained with an

5 antibody to smooth muscle a-actin (smooth muscle), cells that incorporated acetylated-

low density lipoprotein (endothelial cells), and cells with an extracellular matrix that

stained with Von Kossa's stain for mineral (osteoblasts). The experiments establish

the existence ofhuman mesenchymal stem cells with the capability to differentiate into

mesenchymal phenotypes. This raises the possibility of manipulating the cells to

10 achieve appropriate regeneration ofmesenchymal tissues in the injured patient.

Mesenchymal cells gives rise to many different tissues including: connective tissue,

muscle, bone, fat, cartilage, and blood cells. Injury to mesenchymally derived tissues

-

of the body is not an uncommon occurance. Often the injury is caused by trauma,

pathologic breakdown, so called "wear and tear" on the tissues, or a congenital defect.

15 This is especially true with the pathologic processes involved with bone fractures,

osteoarthritis, or skeletal muscle injury. Although the body has mechanisms for repair

of the damaged or lost mesenchymal tissues, the regeneration of normal functioning

tissue seems to be ineffecient or inadequate. Instead, healing usually leaves an area

consisting primarily ofnon functional fibrous scar tissue.

20

When an injury does occur, the process ofwound healing begins. The first step

involves the formation of a hematoma, followed by an inflammatory response and

subsequent migration of granulation tissue to fill the defect caused by the damage. As

the wound heals, remodeling and fibrous scarring occurs. Although this usually is

25 adequate to repair the void of cells, there is a limited capacity of the adult body to

regenerate an identical match of functionally optimal cells. There is also evidence that

the inflow of proteins and growth factors are signals for the migration of cells to the

sight of injury (Postelthwaite et al., 1976, 1978, 1981; Seppa et al., 1982; Grotendorst

et al., 1982; Dueul et al., 1982). Although this may be true, regeneration of a large

30 defect cannot simply be explained by migration of cells into the wound alone.

Therefore, the hypothesis that there exists a resident population of pluripotent cells
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residing in the connective tissue matrices, was proposed. The growth factors seem to

be important signals for the initiation and repair, with possible regeneration by these

resident mesenchymal stem cells. Ifthe direction of differentiation regarding the

multipotent properties of these mesenchymal stem cells can be altered by specific

5 signals, regeneration could be initiated and non functional scar tissue may be avoided.

Although scar formation does manage to stabilize the injury, it is not functionally

optimal. There are numerous problems that may arise at the sight of an injury healed

with scarring. Scar tissue in the areas ofmesenchymal tissue such as tendon, muscle

10 and cartilage injury show is a marked decrease in functionality, especially with respect

to resilience, compressive, tensile and shear strength. For example, problems due to

non functional scar formation include: non-union or malunion in bone after fracture, -

tendons that are predisposed to reinjury at the sight of scarring, arthritis due to the

changes at the articular cartilage surface, and hypertrophic scars in the skin connective

15 tissue. Mesenchymal cells are very important in the healing process, and are known

characteristically for their property of differentiating into a number of mesenchymal

tissues present in the wound.

Stem cells are defined as cells which have unlimited proliferation ability and are

20 therefore not bound to Hayflick's theory of a limited amount of cell

doublings.(Hayflick, 1965). These cells are able to produce daughter cell progeny that

can differentiate into cell lineages that making up multiple tissue types in the body

(Hall & Watt, 1989). It is known that in the developing mammalian embryo there

exists mesenchymal stem cells, which are pluripotent cells whose daughter cells give

25 rise to the skeletal tissues of the organism (Gilbert, 1997). The skeletal tissues derived

from these cells include: bone, muscle, cartilage, connective tissue, and marrow

stroma.

In adults, there is also evidence that cells with similar multipotential abilities to the

30 mesenchymal stem cells of the embryo have been identified in epidermis,

gastrointestinal epithelium, and the hematopoietic compartment of bone marrow. The
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multipotent cells seem to be important factors in repair and maintenance of adult

tissues. The stem cells derived from the hematopoietic compartment have been the

most studied. The cells referred to as hematopoietic stem cells, were noted to have the

ability to differentiate into many various phenotypes. (Lemischka et al 1986, Sachs,

5 etc) Another similar but entirely separate population of cells was hypothesized and

subsequently found in adult bone marrow, termed mesenchymal stem cells (MSCs).

The MSCs were also studied extensively, and shown to give rise to various tissue

phenotypes such as: bone and cartilage (Owen, Beresford, Caplan), tendon (Caplan),

muscle (Wakatani, Saito), fat (Dennis) and marrow stromal connective tissue capable

10 of supporting hematopoeisis (Dexter, Majumdar). These properties have also been

observed during studies involving demineralized bone matrix implants. The implants,

or proteins derived from it showed de novo induction of cartilage and bone formation^

at an ectopic sight, namely in muscle (Urist, 1965; Reddi and Anderson, 1976; Wang

et al., 1990; Urist et al., 1978; Lucas et al., 1988). This gives more evidence that there

15 may be a population of multipotent cells within the connective tissue matrix in adult

humans, which responds to the protein signals within the bone matrices.

Recent studies have previously shown that there exists a population of cells in the

connective tissue surrounding embryonic avian skeletal muscle, that is capable of

20 differentiating into numerous mesenchymal phenotypes (Young et al., 1992a). When

incubated in dexamethasone of differing concentrations, the MSCs have been shown to

differentiate into various phenotypes including: bone, cartilage, skeletal muscle, fat,

and endothelial tissue (Young et al., 1995). Populations of these cells have also

recently been shown to exist in cardiac muscle ofthe adult rat (Lucas et al., 1995),

25 skeletal muscle of the neonatal rat, adult rat (Warejecka et al., 1996), and adult rabbit

(Pate et al., 1993). These isolated cells have been termed mesenchymal stem cells

(MSCs). The purpose of the current study is to determine whether a population of cells

similar to the above mentioned mesenchymal stem cells exists, and can be isolated from

the skeletal muscle of the human adult.

30

MATERIALS AND METHODS:



WO 01/21767 PCTAJS00/26225

114

Assays for Phenotypes:

1 . Mineralized Tissue. The presence of calcified tissue was assayed by Von

Kossa's staining of calcium phosphate essentially described by Huraason (Humason,

1972). Briefly the culture medium was removed and the plates rinced twice with

5 DPBS. The cells were fixed with 0.5 ml of 10% formalin (Sigma) for 3 to 5 minutes,

then rinsed four times with distilled water. Then 0.5 ml of freshly prepared 2% silver

nitrate (Sigma) solution was added and the cells were incubated in the dark for ten

minutes. Following incubation, the silver nitrate solution was removed and the cells

rinsed five times with distilled water. Approximately 0.5 ml of distilled water was left

10 on each well. The plate was exposed to bright light for 1 5 minutes with a white

background underneath it to reflect light. The plates were again rinsed five times with

distilled water and then dehydrated quickly with 100% ethanol. The plates were made

permanent with glycerine jelly (Young et al., 1991). Confirmation of the presence of

calcium phosphate was preformed by pre-treating selected cultures with 1% w/v

15 [ethylene bis (oxyethylenenitrilo)]-tetraacetic acid (EGTA) (Sigma), a specific calcium

chelator, in Ca2+, Mg2+ - free buffer for 1 hr prior to incubation in the silver nitrate

solution (Humason, 1972).

2. Cartilage. Cultures were stained with Alcian blue (Roboz Surgical Instrument,

Rockville, MD), pH 1.0. The fixed wells were stained with 0.5 ml Alcian blue, pH 1.0,

20 for 30 minutes, then removed from the wells. Unbound stain was removed by rinsing

the wells seven times with tap water or distilled water. The cultures were preserved

under glycerine jelly.

3. Fat. Sudan black B (Asbey Surgical Co., Washington, DC) staining for

saturated neutral lipid (Humason, 1972) was performed in the following manner: All

25 media was aspirated from the culture wells and each well was washed twice with one

ml ofDPBS. Then 0.5 ml of70%ETOH was added to break cell membranes. After

one minute, the alcohol was aspirated and the wells washed twice with DPBS. The

cells were then incubated twice for 5 minutes in 100% propylene. Next, the cells were

incubated twice for 10 minutes with 0.5 ml of Sudan black B per well. Stain

30 differentiation was performed by rinsing the cells repeatedly with 0.5 ml each of the

following solutions until each solution was clear: Propylene: Water 90: 10, 85: 15, and
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70:30. The cells were washed twice for one minute using distilled water, then made

permanent with glycerine jelly.

4. Muscle. The cells were stained with the MF-20 antibody to sarcomeric myosin

(Hybridoma Bank, Ames, IA) using a modified procedure ofYoung et al. (Young et

5 al., 1992b). Each step is preceded by two rinces with DPBS unless noted. After

another rinse, 0.5 ml of cold methanol (-20 degrees C) was applied for 5 minutes to fix

the cells. This was followed by a 5 minute incubation with 0.5 ml of 1% v/v Triton-

XI 00/0.05% w/v sodium azide in DPBS to solubilize cell membranes and inhibit

endogenous peroxidases, respectively. A primary blocker of20% goat serum was

10 applied for 30 minutes in a 37 degree C incubator. The primary IgG of 1 :200 dilution

. ofMF-20 (0.4 ml/well) was then incubated for 1 hour. A secondary blocker of 0.5 ml

of20% goat serum was applied for 30 min and was followed by 0.4 ml of 1 :7500

dilution of biotinylated goat anti-mouse IgG (Leinco, St. Louis, MO), also incubated

for 30 minutes at 37 degrees C. A tertiary blocker, consisting of20% goat serum, was

1 5 applied for 30 min and removed, then 0.4 ml of 1 :3750 dilution of Streptavidin-

horseradish peroxidase (Leinco) was added and incubated at 37 degrees C for 30

minutes. At this point the cells were rinced and 0.5 ml of ABTS-peroxidase substrate

(Kirkegaard and Perry Labs, Gaithersburg, MD) was added for 30 minutes incubation

at ambient temperature in the dark. After incubation, 200 ul ofATBS solution was

20 removed from the cells and placed in a well of a 96-well ELISA plate (Falcon)

containing 10 ul of0.03% sodium azide. The ELISA plate was read on a Titer Tek

spectrophotometric plate reader using a 405 nm filter.

After the aliquot ofATBS solution had been removed, the cells were rinsed twice

with 0.5 ml DPBS, then twice with 0.5 ml distilled water. Chromagen (Sigma) was

25 added as per the instructions in the staining kit to selected wells for future

photography. Once the color developed, 25 ul of 0.05% soduim azide was added per

well to stop the reaction. The wells were then rinced and made permanent with

glycerine jelly.

The ABTS was removed from the remaining wells and DNA content analyzed

30 using the in situ diaminobenzoic acid (DABA) procedure of Johnson-Wint and Hollis
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as previously described (Johnson-Wint et al., 1982). Thus, the absorbance for the

myosin content and the DNA content were obtained on the same wells.

5. Smooth Muscle. Smooth muscle was assayed by staining with an antibody to

smooth muscle a-actin using a kit from Sigma.

5 6. Endothelial Cells. Endothelial cells were identified by their ability to take up

low density lipoprotein by Voyta et al. (Yoyta et al., 1984). Cells were washed 5 times

with Dulbecco's Minimal Essential Medium (high glucose) (DMEM)'(GIBCO)

supplemented with antibiotics. The cells were incubated for 4 hr. at 37 degrees C with

10 ug per ml of 1, 1 '-dioctadecyl-3,3,3',3'-tetramathyl-indocarbocyanine perchlorate

10 (Dil-Acyl-LDL) (Biomedical Technology, Stoughton, MA). The wells were then

washed 6 times with EMEM + 10% hoese serum and viewed on a Nikon Diaphot with

fluorescent attachment.

7. Hematopoietic Cells. Hematopoietic cells were identified by the presence of

marker for CD-34. Cells were washed in the culture dish twice with DPBS-Ca-Mg.

15 Next, DPBS-Ca2+Mg2+ and EDTA solution was added. 40 minutes later, the

samples were gently triturated to remove the cells. The dislodged cells were then

removed and transferred to a'l5 ml centrifuge tube. EMEM 10% HS-3 was then

added to the culture dish and the sample was re-incubated. The cell suspension was

centrifuged at 150g for 12 minutes. The supernatant was aspirated, and the pellet

20 resuspended in 1.95 ml DPBS-Ca2+-Mg2+
. Cells were then counted using a

hemocytometer. Next, cells were washed with DPBS- Ca2+-Mg2+
. We then incubated

0.5 ml of the primary IgG in EMEM 10% HS-3 at 4 degrees C. IgG was at 40 ul / 10

6 cells CD-34 A isotope. In two microfuge tubes 20 ul / 10
6
cells CD-34 B isotope.

The samples were then centrifuged in the microfuge for 4 minutes at 150 g. The

25 supernatant was aspirated, and the pellet resuspended and washed in DPBS. The

samples were then centrifuged again and blocked in 1% BSA, 0.5% TW for 20

minutes. The samples were then centrifuged again. The secondary IgG was then

added and incubated for 20 minutes. The sample was then centrifuged on 3 speed for

4 minutes. The supernatant was aspirated and pellet washed with 0.5 ml media. The

30 solution was centrifuged again and supernatant aspirated. 100 ml of media PBS was

added to the pellet, and the sample was then plated utilizing 10 ul per slide. The
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samples were fixed with acetone, ETOH, heat and formalin. The samples were then

viewed under a fluorescent microscope with a blue filter.

RESULTS AND DISCUSSION

5

Mesenchymal stem cells were isolated from skeletal muscle obtained from surgical

samples from a 77 year old female and a 37 year old male. The primary cultures

showed mononucleated stellate-shaped cells (putative pluripotent mesenchymal stem

cells) as well as myoblasts (FIGURE 1 1 A, 1 IB). After release of the cells with

10 trypsin, filtration, and cryopreservation, the cells in this secondary culture remained

stellate-shaped when plated (FIGURE 1 1C).

Seondary cultures treated with dexamethasome demonstrated several morphologies,

including adipocytes, cartilage and bone (FIGURE 13B-D; FIGURE 14A-C). Cells in

15 these cultures stained positive with antibody to myosin (FIGURE 12A-B) and were

identified as skeletal muscle myotubes. Other cells were identified as endothelial cells,

by virtue of their morphology and their ability to incorporate fluorescent labeled acyl-

low density lipoprotein into the cytoplasm (FIGURE 15A-B). Cells staining with

antibody to smooth muscle a-actin were also identified (FIGURE 14). The secondary

20 cultures were also evaluated for expression of CD34, and fixed cells shown to stain

positive with antibody to CD34 (FIGURE 16A-B).

These results demonstrate that pluripotent mesenchymal stem cells, capable of

differentiation in culture to smooth muscle, adipocytes, cartilage, bone and endothelial

25 cells can be isolated from adult, even geriatric (77 year old), human skeletal muscle.

EXAMPLE 5

3T3 CELLS DIFFERENTIATE INTO MULTIPLE PHENOTYPES IN VTTRO

30

Connective tissue is thought to be composed only of fibroblasts. 3T3 cells are a cell

line derived from embryonic mouse tissue that appear fibroblastic. We have cultured

3T3 cells according to a protocol we developed for isolating cells from rat tissues
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capable of differentiating into multiple phenotypes. Swiss 3T3 celis (American Type

Culture Collection) were cultured in Minimal Essential Media with Eule's salts

(EMEM) + 1 0% pre-selected horse serum. The cells were treated with a nonspecific

differentiating agent, dexamethasone, in concentrations ranging from 10"'° to 10"6 M

5 for 4-8 weeks. The controls did not receive dexamethasone. Several mesenchymal

phenotypes developed in culture: adipocytes (Sudan Black B staining), chondrocytes

(Alcian Blue staining, pH 1.0), osteoblasts (Von Kossa's stain for mineral), smooth

muscle cells (antibody against a-smooth muscle actin), endothelial cells (uptake of

acyl-low density lipoprotein), and skeletal myotubes (linear multinucleated cells and

10 antibodies against sarcomeric myosin). Some cultures also demonstrated a binucleated

beating cell, whose beat rate increased with isoproterenol treatment and reversed with

propanolol treatment. We tentatively identified this cell as a cardiac myocyte. 3T3

cells are capable of differentiating into multiple mesenchymally-derived phenotypes,

characteristic of stem cells but not of fibroblasts. Therefore, they can be an invaluable

15 tool in exploring the cell biology of stem cells and providing a simple, convenient assay

system to study the differentiation of specific tissue types directed by growth and

differentiation factors. The ability to specifically direct cell differentiation offers

tremendous possibilities in tissue repair.

20 Swiss-3T3 cells were originally generated by Todaro and colleagues (Todaro and

Green, 1963; Todara et al., 1964) from embryonic Swiss mice using long term culture

methods. The cell line was selected for contact inhibition of cell growth at confluence

after its apparent immortality in culture. This was attributed to a loss of conformation

to Hayflick's number (Hayflick, 1965) with respect to cell senescence after

25 approximately 50 cell doublings. The cell line appeared fibroblast-like and was

designated Swiss-3T3 cells. Since their origin the 3T3 cell line and its derivatives have

been used in over 13,000 studies to investigate various aspects of the control of cell

growth, including viral transformation, (Denhardt et al., 1991; Green and Olaniyi,

1974), cell surface receptors (Eldar et al., 1990; Friedman et al., 1990; Maher, 1993;

30 Satoh et al., 1990), growth factor regulation (campbell et al., 1993; Corps and Brown,

1991; Powis et al., 1990; Satoh et al, 1990;Yates et al, 1993), cellular physiology

(Corps and Brown, 1992; Domin and Rozengurt, 1993; Pang et al, 1993), and factors

regulating differentiation (Evans et al, 1993; Sparks et al, 1993). With the advent of
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molecular biological techniques, Swiss-3T3 cells have been utilized to study genetic

regulatory mechanisms (Battey et al., 1991; Linder et al., 1991; Miyazawa et al., 1993;

yan and Hung, 1993; Yang et al., 1993).

5 Subpopulations of 3T3 cells have been shown to differentiate into adipocytes when

treated with glucocorticoids in culture (Green and Meuth, 1974; Kuri-Harcuch, 19978;

Nixon and Green, 1984; Morikaua, et al., 1982; Ringold et al., 1991; Wier and Scott,

1986). A clone of 3T3, the 3T3-10 T'/i cell has been shown to differentiate into

adipocytes, chondrocytes, osteoblasts, and myotubes when treated with 5'-azacytidine

10 (Taylor and Jones, 1979).

Recently, (Young et al., 1995) it was found that both lineage committed progenitor
"

mesenchymal stem cells and lineage uncommitted pluripotent mesenchymal stem cells

are located within connective tissue compartments associated with multiple organs and

15 organ systems in the chick embryo. Lucas et al (Lucas et al, 1995) , isolated

mesenchymal stem cells from fetal and newborn rat skeletal muscle. These cells were

capable of differentiating into skeletal muscle, cartilage, bone, smooth muscle,

endothelial cells, and fibroblasts. Warejcka et al: (Warejcka et al.,1996), isolated a

population of stem cells from 3-5 day old rat hearts. After treatment with

20 dexamethasone these were also noted to develop into skeletal muscle, smooth muscle,

adipocytes, bone and cartilage.

In this study we evaluated the ability of Swiss-3T3 cells to form multiple phenotypes in

culture.

25

MATERIALS AND METHODS

Cell Culture

Swiss-3T3 cells at passage 125 were acquired from American Type Culture" Collection

(Bethesda, MD). Upon arrival, the cells were thawed and initially seeded at 100,000

30 cells per dish onto 100 mm dishes (Falcon, Lincoln Park, NJ), precoated with 1%

bovine gelatin (EM Sciences, Cherry Hills, NJ), in medium containing 89% Eagle's

minimal essential medium with Earl's salts (EMEM GEBCO, Grand Island, NY), 1 0%

pre-selected horse serum, and 1% penicillin/streptomycin (10,000 u penicillin/ 10,000
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microgram streptomycin sulfate, GIBCO) at pH 7.4. Cultures were placed in an

incubator containing humidified 95% air/ 5% C02 at 37°C until the cells were

confluent.

5 The cells reached confluence in approximately 8 days and were released from the

plates with a solution of 0.025% trypsin and 0.01% EDTA in Ca, Mg-Free Phosphate

buffered saline (PBS), filtered through a 20 pm Nitex filter, diluted to 1x10
s
cells /ml

in EMEM + 10% horse serum containing 7.5% dimethylsulfoxide (Sigma, Salom,

MO), and frozen slowly to -80°C in freezing chambers (Fisher Scientific, Norcross,

10 GA).

Frozen 3T3 cells Were then thawed, cell viability was determined using 0.4% Typan

Blue in PBS with a hemocytometer (Denhardt et al., 1991; Domin and Rozengurt,

1993), and the cells were plated in 24 well plates (Corning Glassworks, Corning, N.Y.

15 ), precoated with 1% gelatin at a density of 5000 cells/well. Cells were cultured in

EMEM containing 10% horse serum and varying concentrations of dexamethasone

(Sigma, Salom, MO). Four wells served as controls and received medium without

dexamethasone. Four wells each received medium containing 10" 10 M, 10"9 M, 10" M,

10'7 M, 10'6 M dexamethasone. The medium was changed every other day and cultures

20 were examined using phase contrast microscopy for the appearance of different

phenotypes.

Assay of Phenotypes

Bone- The presence of calcified tissue was assayed by Von Kossa's staining of

25 calcium phosphate as described by Humason. Briefly, the culture medium was

removed/and the plates were rinsed twice with the DPBS. The cells were fixed with

0.5 ml of 10% formalin for 3-5 minutes, then rinsed four times with distilled water.

One half of a milliliter of freshly prepared 2% silver nitrate solution was then added,

and the cells were incubated in the dark for 10 minutes. After incubation, the silver

30 nitrate solution was removed and the cells were rinsed five times with distilled water.

Approximately 0.5 ml of distilled water was left on each well. The plate was exposed

to bright light for 15 minutes against a white background to reflect light. The plates

were again rinsed five times with distilled, water and quickly dehydrated with 100%
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ethanol. The plates were made permanent with glycerin jelly. Confirmation of the

presence of calcium phosphate was performed by pretreating selected cultures with 1%

weight/volume [ethylene bis (oxyethylenenitrilo)]-tetraacetic acid, a specific calcium

chelator, in Ca, MG-free buffer for 1 hour before incubation in the silver nitrate

5 solution.

Muscle- The cells were stained with the MF-20 antibody to sarcomeric myosin

(Hybridoma Bank, Ames Iowa) by means of a modified procedure ofYoung et. al.,

1992b. Each step is preceded by two rinses with DPBS unless otherwise noted. After

another rinse, 0.5 ml of cold methanol (-20 °C) was applied for 5 minutes to fix the

10 cells. This procedure was followed by a 5 minute incubation with 0.5 ml of 1% v/v

Triton-X100/0.05 % w/v sodium azide (Sigma) in DPBS to solubilize cell membranes

and inhibit endogenous peroxidases, respectively. A primary blocker of20% goat

serum (Sigma) was applied for 30 minutes in a 37°C incubator. The primary

immunoglobulin G of 1 :200 dilution ofMF-20 (0.4 ml/well) was then incubated for 1

15 hour. A secondary blocker of 0.5 ml of20% goat serum was applied for 30 minutes

and was followed by 0.4 ml of 1:7500 dilution of biotinylated goat antimouse

antiglobulin G (Leinco, St. Louis, Mo.). This was incubated for 30 minutes at 37°C. A

tertiary blocker consisting of20% goat serum, was applied for 30 minutes and

removed. Next, 0.4 ml of 1:3750 dilution of Streptavidin-horseradish peroxidase

20 (Leinco) was added and incubated at 30°C for 30 minutes. The cells were rinsed twice

with 0.5 ml. distilled water. Chromagen (Sigma) was added as per the instructions in

the staining kit to selected wells for future photography. Once the color developed, 25

microliters of 0.05% sodium azide was added per well to stop the reaction. The wells

were then rinsed and made permanent with glycerin jelly.

25 Cartilage- Cultures were stained with Alcian blue solution (Roboz Surgical

Instrument, Rockville, Md.) at pH 1.0. The fixed wells were stained for 30 minutes

with 0.5 ml Alcian blue solution, pH 1 .0, then removed from the wells. Unbound stain

was removed by rinsing the wells seven times with tap water or distilled water. The

cultures were preserved under glycerin jelly.

30 Smooth muscle- The cells were identified by staining with an antibody to smooth

muscle a-actin (Sigma, St. Louis, MO).

Endothelial cells- Endothelial cells were identified by their ability to take up low-

density lipoprotein as described by Voyta et. al. (Voyta et al., 1984). The cells were
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washed five times with Dulbecco's minimal essential medium (high glucose) (GIBCO)

supplemented with antibiotics. The cells were incubated for 4 hours at 37°C with 10

ug per ml of 1,1 ^dioctadecyl-3,3,3\3'-tetramethyl-indocarbocyanine perchlorate (

Dil-Acyl-LDL ) (Biomedical Technology, Stoughton, MA ). The wells were then

5 washed six times with EMEM +10 % horse serum and viewed on a Nikon Diaphot

with fluorescent attachment.

Cardiac muscle- Cardiac myocytes were identified based on their large binucleated

nuclei and their reactions to inotropic and chronotropic agents.

10 RESULTS >

The 3T3 cells received from ATCC, when thawed and cultured, had mostly a stellate _

or triangular morphology. Confluence was reached in approximately a week to ten

days in culture. The cells were frozen
,
thawed, and replated as described. The control

cultures, without dexamethasone, continued to exhibit a uniformly stellate morphology

15 throughout the culture period (FIGURE 17A).

The cultures treated with dexamethasone exhibited a number of phenotypes.

Dexamethasone was used as a non-specific inductive agent in order to test for

differentiation in vitro ( Grig., aubin, Heersche ). One phenotype that appeared after

20 two weeks treatment with dexamethasone contained cells with round droplets that

were refractile in phase contrast (FIGURE 17B). These cells stained with Sudan Black

B (FIGURE 17C) and were thus identified as adipocytes. Most of these adipocytes

appeared at lO'-lO"
6 M dexamethasone concentration.

25 At 14 days, at a concentration of 10'MO"6 M dexamethasone, elongated cells

containing several nuclei appeared (FIGURE 18A). These cells contracted

spontaneously in culture and stained with a monoclonal antibody to sarcomeric myosin

(FIGURE 18B). Therefore the cells were identified as myotubes.

30 At 4 weeks in culture, A few binucleated cells appeared at a concentration of lO^-lO"
6

M dexamethasone (FIGURE 18C). These cells beat rhythmically in culture at about 65

beats per minute (TABLE 2). The beat rate increased to 85 beats per minute when the

cells were treated with 10'6 M isoproterenol. Isoproterenol is a potent selective B
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adrenergic agonist that has positive inotropic and chronotropic effects on cardiac

muscle (Goodman and Gilman, 1996). In contrast, propanolol is a B-adrenergic

antagonist that slows the heart rate. When the cells were pretreated with 10"6 M
propanolol and then exposed to isoproterenol, the cells maintained their beat rate.

5 Based on these criteria, positive chronotropic reaction to isoproterenol and negative

reaction to propanolol, we tentatively identified these cells as cardiac myocytes.

TABLE 2

Treatment Beats per minute

n = 5

Control 66.25 ±

Isoproterenol 10-6 M 87.4 ± *

Propanolol 10-6 M 36.8 ±

Propanolol + Isoproteronal 30.8 ±

15 Different from Controls at p < 0.05

Table 2. Comparison of exposure of cardiac myocytes and control cells to

isoproterenol and propanolol and change in beat rate.

20 At 35 days in culture, at a concentration of 10"7 to 10"9 M dexamethasone, round cells

that grew in nodules and had a refractile extracellular matrix appeared (FIGURE 19A

and B). The extracellular matrix stained with Alcian blue atpH 1.0. These nodules

were identified as cartilage. Two distinct morphologies were observed. In one, the

cartilage nodule had irregular borders where the cells merged with the surrounding

25 stellate cells (FIGURE 19C). The other consisted of nodules with very clearly defined

borders distinct from the background stellate cells (FIGURE 19B).

30

Polygonal cells appeared after 28 days in culture in small numbers in all concentrations

of dexamethasone (FIGURE 19). These cells formed a dense extracellular matrix that

stained with Von Kossa's stain (FIGURE 19). Pre-treatment of the cultures with
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EGTA prevented staining with Von Kossa's stain (data not shown). Based on their

ability to make a calcified matrix, these cells were identified as osteoblasts.

At 35 days of treatment with dexamethasone, parallelogram shaped cells containing

5 fibers were observed. These cells were most numerous at 1

0"7 and 10"6 M
dexamethasone concentration. The fibers stained with an antibody to smooth muscle a

-actin. Therefore, the cells were identified as smooth muscle cells (FIGURE 20).

Polygonal cells without a discernible extracellular matrix appeared at 35 days, at a

10 concentration of 10"7 and 10"6 M dexamethasone. The cells incorporated Dil-Acyl-

LDL into cytoplasmic vesicles and were identified as endothelial cells (FIGURE 21).

DISCUSSION

Tissue growth in culture has tremendous promise for understanding cellular biology

15 that can later be translated to development of biologic tissues for in vivo use. Swiss

3T3 cells have generally been referred to as fibroblasts in the literature (Eldar et al,

1990; Linder et al., 1991). However, when 3T3 cells are cultured according to the

protocol developed for isolating mesenchymal stem cells, the 3T3 cells were able to

develop into several mesodermal phenotypes when treated with dexamethasone.

20

In this study, the cultures at two weeks treatment, at a concentration of 10"8 M
dexamethasone, exhibited cells with round droplets that were refractile in phase

contrast. These cells stained with Sudan Black B and were identified as adipocytes. At

14 days at a concentration of 1
0"9

- 1
0"8 M dexamethasone elongated, multinucleated

25 cells that contracted spontaneously in culture appeared. These were identified as

myotubes based on staining with monoclonal antibody to sarcomeric myosin. At a

concentration of 10"7-10"6M dexamethasone, on day 28 , binucleated cells that beat

rhythmically in culture were seen. These cells behaved as cardiac myocytes when

exposed to a selective B agonist and antagonist. At 35 days in culture, at a

30 concentration of 10"9-10'7 M dexamethasone, cartilage cells appeared in two distinct

morphologies, one had irregular borders and the other clearly defined borders from the

background stellate cells. After 28 days in culture, in all concentrations of

dexamethasone, polygonal cells appeared. These cells were identified as osteoblasts
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based on their ability to make a calcified matrix. At 35 days of dexamethasone

treatment, at a concentration of 10"6 M dexamethasone, parallelogram shaped cells

were observed. These cells were identified as smooth muscle cells based on their

staining with an antibody to smooth muscle oc-actin. At 35 days, at a concentration of

5 1

0"7M dexamethasone, polygonal cells without an extracellular matrix that

incorporated Dil-Acyl-LDL into cytoplasmic vesicles were identified as endothelial

cells.

While most reports do not discuss the ability of 3T3 cells to differentiate, there are

10 several studies in the literature that show the cells can differentiate into other

phenotypes. Murine fibroblastic mesenchymal cells C3H10 T V2, a clone of 3T3, lost

their original fibroblastic nature after permanent transfection with BMP 2 and 4

(Aherns et al., 1993). These cells were shown to differentiate into three distinct

phenotypes similar to; osteoblasts, chondroblasts, and adipocytes. Taylor and Jones

15 (Taylor and Jones, 1979), showed that 5'-azacytidine (5- AZA-CR) induces the

formation of biochemically differentiated functional striated muscle, adipocytes and

chondrocytes in the mouse embryo cell lines C3H/10 IV2 CL8 and Swiss 3T3. In 1982,

the same group showed that muscle and adipocyte phenotypes are maximal when cells

are treated during early S phase (Taylor and Jones, 1982).

20

Two distinct characteristics of stem cells are their unlimited differentiation potential,

and their ability to be quiescent. The 3T3 cells in this study were obtained from ATCC

at 125 passages or 625 cell doublings. This is past Hayflick's limit of 50 cell doublings

for committed cells (Hayflick, 1965). During the study, we observed at least five more

25 cell doublings. The control studies demonstrate that the 3T3 cells are quiescent and

undifferentiated unless stimulated.

Sparks and Scott (Sparks et al., 1991) examined the effects ofTGFB on 3T3 cells.

They noted that TGFB was a specific inhibitor of differentiation of3T3 cells into

30 adipocytes. Proliferation however, was not affected. Therefore, prior to expression of

the differentiated adipocyte phenotype 3T3 stem cells must first stop growth at a

distinct stage in the cell cycle. Further, differentiation can be initiated non-specifically

by highly mitogenic agents that prevent growth arrest. In another study on the
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differentiation of stem cells, (Scott and Maercklein 1984), low dose UV irradiation

was found to stably and selectively inhibit the differentiation of proadipocyte 3T3 cells

without altering their ability to regulate cellular proliferation in growth factor deficient

or nutrient-deficient culture conditions. This effect may be an early event in the

5 initiation of carcinogenesis. The irradiated cells were also more likely to transform than

non-irradiated cells.

The original isolation by Todaro and Green did not involve intentional transformation.

It has often been asserted that 3T3 cells are spontaneously transformed, accounting for

10 their unlimited proliferation potential. However, the studies by Scott and co-workers

indicate that cellular proliferation is not effected despite exposure to UV radiation.

In addition, in studies where the 3T3 cells are transformed by viral transfection, the

untransfected cells do not form tumors (Sparks et al., 1991). Therefore, it is possible

15 that the ability of the 3T3 cells to exceed Hayflick's number is because they are stem

cells.

Mesoderm, a tissue of embryonic origin, gives rise to appendicular skeleton and muscle

(dosral mesoderm), connective tissue and endothelium of blood vessels and heart

20 (splanchnic mesoderm), and other organs (intermediate mesoderm). The phenotypes

observed in this study derive from dorsal and splanchnic mesoderm. Future studies will

look to phenotypes from intermediate mesoderm.

BMP and CDMP are agents that have been noted to direct differentiation of these

25 various tissues. BMP induced differentiation of C3H10T1/2 into adipocytes,

chondrocytes and osteoblasts in the presence of azacytidine (Aherns et al., 1993).

Extracts from calf articular cartilage have been found to induce cartilage and bone

formation when subcutaneously implanted in rats (Chang et al., 1994). These cartilage

derived morphological proteins (CDMP) are thought to have a role in chondrocyte

30 differentiation and growth of long bones.
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3T3 cells are thus showing a multipotent differentiation potential and are behaving as

stem cells. This makes the 3T3 cells a potential assay system for studying the genetic

steps of differentiation.

5 EXAMPLE 6

HEMATOPOIETIC CYTOKINES INDUCE HEMATOPOIETIC EXPRESSION

IN HUMAN PLURIPOTENT STEM CELLS

Human pluripotent stem cells (geriatric, PAL#3 cell line at 150 cell doublings post

10 harvest) were seeded at 75 x 10
3
cells per 1% gelatinized T-25 flask in Opti-MEM

medium containing 10% HS & l%antibotic/antimycotic. After 24 hr, media was

replaced with (controls) same medium or (experimentals) same medium containing _

hematopietic cytokines: 2.5 U/ml erythropoietin, 10 ng/ml granulocyte/macrophage-

colony stimulating factor, 10 ng/ml granulocyte-colony stimulating factor, 10 ng/ml

15 macrophage-colony stimulating factor, 50 ng/ml interleukin-3, 50 ng/ml interleukin-6,

50 ng/ml stem cell factor, and 2 ug/ml insulin. Cultures were fed biweekly in their

respective media. Compared to controls, experimental treatment for three weeks

induced the expression of GM-CSF-receptor, as indicated by Northern RNA/cDNA

analysis.

20

EXAMPLE 7

HUMAN MESENCHYMAL STEM CELLS DISPLAY CELL SURFACE

CLUSTER DIFFERENTIATION MARKERS CD10. CD13.

CD56. AND MHC Class-I

25

Each year millions of people suffer tissue loss or end-stage organ failure. While

allogeneic therapies have saved and improved countless lives, they remain imperfect

solutions. These therapies are limited by critical donor shortages, long-term morbidity,

and mortality. A wide variety of transplants, congenital malformations, elective

30 surgeries, and genetic disorders have the potential for treatment with autologous stem

cells as a source ofHLA-matched donor tissue. Our current research is aimed at

characterizing cell surface cluster differentiation (CD) markers on human progenitor

and pluripotent mesenchymal stem cells to aid in isolating comparatively purified
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populations ofthese cells. This study examined human pluripotent and progenitor cells

isolated from fetal, mature, and geriatric individuals for the possible presence of 15 CD

markers. The response to insulin and dexamethasone revealed that the cell isolates

were composed of lineage-committed progenitor cells and lineage-uncommitted

5 pluripotent cells. Flow cytometry showed cell populations positive for CD10, CD13,

CD56, and MHC Class-I markers and negative for CD3, CD5, CD7, CD1 lb, CD 14,

CD15, CD16, CD19, CD25, CD45, and CD65 markers. Northern analysis revealed

that CD13 and CD56 were actively transcribed at time of cell harvest. We report the

first identification of CD10, CD13, CD56, and MHC Class-I cell surface antigens on

10 these human mesenchymal stem cells.

Numerous studies have shown the existence of mesenchymal stem cells distributed
"

widely throughout the connective tissue compartments ofmany animals. These cells

provide for the continued maintenance and repair of tissues throughout the life-span of

15 the individual. Examples of these cells include the unipotent myosatellite myoblasts of

muscle (Mauro, 1961; Campion, 1984; Grounds et al., 1992); the unipotent adipoblast

cells of adipose tissue (Aihaud et al., 1992); the unipotent chondrogenic and

osteogenic stem cells of the perichondrium and periosteum, respectively (Cruess, 1982;

Young et al., 1995); the bipotent adipofibroblast cells of adipose tissue (Vierck et al.,

20 1 996); the bipotent chondrogenic/osteogenic stem cells of marrow (Owen, 1988;

Beresford, 1989; Caplan et al., 1997); and the multipotent hematopoietic stem cells of

bone marrow and peripheral blood (Palis and Segel, 1998; McGuire, 1998; Ratajczak

etal, 1998).

25 Recent studies utilizing serial dilution clonogenic analysis (Young et al., 1993, 1998a,

b; Rogers et al., 1995), have shown that mesenchymal stem cells consist of two

uniquely different categories of cells: progenitor cells committed to a variety of

phenotypic lineages (see above), and pluripotent cells that are not committed to any

particular lineage. Further analysis (Young et al., 1993, 1995) revealed that multiple

30 lineage-specific progenitor cells as well as pluripotent cells were also present in the

connective tissue compartments ofvarious tissues. For example, the connective tissues

of skeletal muscle contain not only myosatellite cells (the precursor cells for skeletal

muscle) and fibroblasts (the precursor cells for connective tissues) but also adipoblasts
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(the precursor cells for fat), chondrogenic progenitor cells (the precursor cells for

cartilage), osteogenic progenitor cells (the precursor cells for bone), as well as

lineage-uncommitted pluripotent stem cells.

5 Lineage-committed progenitor cells conform to Hayflick's limit (Hayflick, 1965),

having life-spans limited to 50-70 cell doublings before programmed cell senescence

and death occur. Progenitor cells differentiate into cell types limited to the lineage to

which they are committed (see above). By contrast, pluripotent cells have the capacity

for extended self-renewal beyond Hayflick's limit as long as they remain

10 lineage-uncommitted. Pluripotent cells can commit to any tissue lineage within the

embryonic mesodermal line. Once committed to a particular lineage, these cells assume

all the attributes of progenitor cells.

We propose that progenitor and pluripotent cells could be of value in transplantation

15 and/or gene therapies where donor tissue is in short supply. Indeed, Grande et al.

(1995) used rabbit pluripotent cells in the rabbit full thickness cartilage defect model.

Dramatic results were reported in the resurfacing of articular cartilage as well as the

reconstitution of adjacent subchondral and trabecular bone.

20 Previous studies (Young et al., 1993, 1998, Rogers et al., 1995) have shown that

extended time periods are necessary to isolate and separate progenitor and pluripotent

cells, either by limiting serial dilution clonogenic analysis (18-24 months) or

propagation past Hayflick's limit (5-9 months). Improvements in the ease of isolation

and induction of lineage commitment must be made for these cells to be useful in the

25 clinical setting. Therefore, our current research is aimed at characterizing the cell

surface antigens ofhuman progenitor and pluripotent cells in order to shorten the time

required for their isolation and separation.

Antibodies to cell surface cluster differentiation (CD) markers have been used in

30 conjunction with flow cytometry to characterize cell surface antigens on hematopoietic

cells. To date, more than 180 CD markers have been used to 'fingerprint'

hematopoietic cell lineages (Kishimoto et al., 1997). The experiments reported in this

paper involved characterizing 15 cell surface CD marker antigens on human male and
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female progenitor and pluripotent stem cells isolated from fetal, adult, and geriatric

donors. We report the first identification ofCD 10, CD 13, CD56, and MHC Class-I on

human progenitor and pluripotent mesenchymal stem cells. Negative results were

obtained for CD3, CD7, CDllb, CD14, CD15, CD16, CD19, CD25, CD45, and

5 CD65 antigens. RNAs were extracted from the cells, electrophoresed, and probed with

32P-labeled cDNAs to CD10, CD13, and CD56 using Northern analysis. CD13 and

CD56 were being actively transcribed at time of cell harvest.

MATERIALS AND METHODS

10 (Materials and Methods are as above in Example 1, except as noted below).

Human Mesenchymal Stem Cells

Five populations of human cells, adult (female), fetal (male and female), and geriatric

(male and female), were used for this study. Adult female cells were purchased as a

15 subconfluent culture of 25 year-old human dermal fibroblasts [NHDF, catalog #

CC-0252, lot # 6F0600, Clonetics, San Diego, CA]. Fetal male cells were purchased as

a subconfluent culture of 22 week-old fetal skeletal muscle cells derived from the thigh

muscle [CM-SkM, catalog # CC-0231, lot #6F0604, Clonetics]. Fetal female cells

were purchased as a subconfluent culture of 25 week-old fetal skeletal muscle cells

20 derived from the triceps muscle [CF-SkM, catalog # CC-2561, lot # 14722, Clonetics].

Upon arrival, the cells were transferred to plating medium-A (PM-A). PM-A consisted

of 89% (v/v) Eagle's Minimal Essential Medium with Earle's salts [EMEM, GIBCO

BRL, Grand Island, NY], 10% (v/v) pre-selected horse serum [lot nos. 17F-0218

(HS7) or 49F-0082 (HS4), Sigma Chemical Co., St. Louis, MO], and 1% (v/v)

25 Penicillin/ Streptomycin [10,000 units/ml penicillin and 10,000 mg/ml streptomycin,

GIBCO], pH 7.4. Cells were incubated at 37oC in a 95% air/5% C02 humidified

environment. After expansion, cells were released with 0.05% (w/v) trypsin [DIFCO,

Detroit, MI] in Ca+2
-, Mg +2

-free Dulbecco's phosphate buffered saline [GIBCO]

containing 0.0744% (w/v) ethylenediamine tetraacetic acid [EDTA, Sigma],

30 centrifuged at 100 x g for 20 min., and the supernatant aspirated. The cell pellet was

resuspended in PM-A and the cell suspension cryopreserved by slow freezing for

storage at -70 to 80° C in PM-A containing 7.5% (v/v) dimethyl sulfoxide [DMSO,

Morton Thiokol, Danvers, MA] (Young et al., 1991).
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Geriatric cells were isolated from specimens of skeletal muscle obtained from a 67

year-old male patient and a 77 year-old female patient following standard protocols for

the isolation of mesenchymal stem cells (Young et al., 1995; Lucas et al., 1995). The

male cells were designated "PAL#3", and the female cells "PAL#2". In brief, cells were

5 liberated from the connective tissue compartment of skeletal muscle with collagenase

[CLS-I, Worthington Biochemical Corp., Freehold, NJ] and dispase [catalog #40235,

Collaborative Research Inc., Bedford, MA]. Single cell suspensions were obtained by

sequential filtration through 90-mm and 20-mmNitex [Tetco Inc., Elmsford, NY].

Cells were seeded at 10
s
cells/1% (w/v) gelatin-coated [EM Sciences, Gibbstown, NJ]

10 T-75 flasks [Falcon, Becton-Dickinson Labware, Franklin Lakes, NJ] in PM-A and

allowed to expand and differentiate prior to cryopreservation. Cells were incubated at

37°C in a 95% air/5% C02 humidified environment. After expansion, cells were

released with trypsin, sieved as above to separate mononucleated cells from

differentiated phenotypes (i.e., multinucleated myotubes, adipocyte colonies, cartilage

15 nodules, bone nodules), and cryopreserved at -70 to -80° C in PM-A containing 7.5%

(v/v) DMSO. Using the procedures outlined above, each subsequent cryopreservation

step effectively removes more than 98% of contaminating fibroblasts and differentiated

phenotypes from the stem cell preparation (Young et al:, 1991).

20 Further purification of progenitor and pluripotent cells was obtained by multiple

expansion and cryopreservation steps utilizing 1% gelatin coated flasks with plating

medium-B (PM-B). PM-B consisted of 89% (v/v) Opti-MEM based medium [catalog

#22600-050, GEBCO] containing 0.01 mM W P-mercaptoethanol [ Sigma], 10%

(v/v) horse serum [HS3, lot number 3M0338, BioWhittaker, Walkersville, MD], and

25 1% (v/v) antibiotic-antimycotic solution [GIBCO], pH 7.4. Cells were then

propagated to 30 cell doublings, released with trypsin, and aliquoted for

insulin/dexamethasone analysis, flow cytometry and molecular analysis.

Insulin/Dexaimettiasone Analysis to Identify Progenitor and Pluripotent Cells

30 Aliquots ofCM-SkM, CF-SkM, NHDF, PAL#3, and PAL#2 cells were thawed and

plated individually at 10,000 cells per well in 1% gelatin-coated 24-well plates

[Corning, Corning, NY] utilizing PM-B. After 24 hr PM-B was removed and replaced

with either control medium, insulin testing medium, or dexamethasone testing medium.
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Control medium consisted of 98% (v/v) Opti-MEM containing 0.01 mM

P-mercapto-ethanol, 1% (v/v) HS3, and 1% antibiotic-antimycotic solution. Insulin

testing medium consisted of control medium containing 2 p.g/ml insulin [Sigma].

Dexmethasone testing medium was composed of 98% Opti-MEM, 0.01 mM

5 p-mercaptoethanol, 1% serum [HS3, HS9 (horse serum, lot number 90H-0701, Sigma)

or FBS (fetal bovine serum, lot no. 3000L, Atlanta Biologicals, Norcross, GA)] and

1% antibiotic-antimycotic solution. This solution was made 10"10
,
10'9

,
10"8

,
10'7 or

10"6 M with respect to dexamethasone [Sigma]) (Young et al., 1995; Young, 1999;

Young et al., 1998). Media were changed three times per week for six weeks. Cultures

10 were viewed twice per week for changes in phenotypic expression and photographed.

Discernible changes in phenotypic expression of the cells were assayed

morphologically. These morphological tissue cellular types were identical to those

previously noted in avian and mouse mesenchymal stem cells incubated with insulin or

15 dexamethasone and extensively analyzed by histochemical and immunochemical

procedures (Young et al., 1995; Rogers et al., 1995; Young et al., 1993; Young, 1999;

Young et al., 1998). Myogenic structures were identified at one week by their

elongated multinucleated appearance (FIGURE 22A). Adipogenic cells were identified

at two weeks as polygonal cells containing multiple intracellular refractile vesicles

20 (FIGURE 22B). Chondrogenic cells were identified at four weeks as aggregations of

round cells (either as sheets or discrete nodules) with refractile pericellular matrix halos

(FIGURE 22C). Osteogenic cells were identified at six weeks as three-dimensional

extracellular matrices overlying cellular aggregations (FIGURE 22D).

25 Flow Cytometry

Aliquots of CM-SkM, CF-SkM, NHDF, PAL#3, and PAL#2 cells were thawed and

seeded at 10s
cells/1% gelatin-coated T-75 flasks in PM-B, and allowed to expand at

37 °C in a 95% air/5% C02 humidified environment. After expansion, cells were

released with trypsin and resuspended in PM-B. The cells were then centrifuged and

30 resuspended in wash buffer at a concentration of 1 x 106 cells/ml. Wash buffer

consisted ofphosphate buffer supplemented with 1% (v/v) FBS and 1% (w/v) sodium

azide, NaN3 [Sigma]. Cell viability was >95% by the Trypan blue dye [GEBCO]

exclusion technique (Young et al., 1993; Young et al., 1991). One hundred microliters
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of cell preparation (1 x 10s
cells) were stained with saturating concentrations of

fluorescein isothiocyanate- (FITC), phycoerythrin- (PE), or perdinin chlorophyll

protein- (PerCP) conjugated CD3, CD5, CD7, CD10, CD1 lb, CD13, CD14, CD15,

CD16, CD19, CD25, CD45, CD56, CD65, MHC Class-I, or isotype matched controls

5 [Becton-Dickinson, Inc., San Jose, CA]. Briefly, cells were incubated in the dark for

30 min. at 4° C. After incubation, cells were washed three times with wash buffer and

resuspended in 0.5 ml ofwash buffer for analysis on the flow cytometer. Flow

cytometry was performed on a FACScan™ (Becton-Dickinson). Cells were identified

by light scatter. Logarithmic fluorescence was evaluated (4 decade, 1024 channel

10 scale) on 10,000 gated events. Analysis was performed using LYSYS H™ software

(Becton-Dickinson) and the presence or absence ofeach antigen was determined by

comparison to the appropriate isotype control. An antigenic event was gated if the
"

fluorescence was greater than 25% above its isotype control. Statistical analysis was

performed on the pooled flow cytometric data from the five mesenchymal stem cell

15 lines. Thus, a sample size of five was used for each CD marker. Absolute numbers of

cells per 10,000 gated events are shown in TABLE 4. A mean value above 1000 cells

is considered positive for any CD marker.

Molecular Analysis

20 Aliquots of CF-SkM, NHDF, and PAL#3 cells were thawed and seeded at 1 05

cells/1% gelatin-coated T-75 flasks in PM-B, and allowed to expand at 37° C in a 95%

air/5% C02 humidified environment. After expansion, cells were released with trypsin

and centrifuged. The resulting supernatants were aspirated, and cell pellets frozen and

stored at "80 °C. Cell pellets were thawed on ice and total RNA was extracted from

25 CF-SkM, NHDF, and PAL#3 cells using the Qiagen QIAshredder [catalog #79654,

Qiagen, Chatsworth, CA] and RNeasy Total RNA Kits [catalog #74104, Qiagen]

according to the manufacturer's instructions. IMAGE. Consortium (LLNL) cDNA

clones (Lennon et al., 1996) for CD10, CD13, CD56 and beta-actin (I.M.A.G.E.

Consortium Clone ID: 701606, 713961, 468885, and 586736, respectively, Research

30 Genetics, Huntsville, Al) were obtained. The cDNA insert was excised from the

plasmid by restriction digestion and separated by agarose gel electrophoresis according

to standard procedures (Sambrook et al., 1989). The cDNA band was purified using

the Qiaex II Gel Extraction Kit [catalog #20021, Qiagen] according to the
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manufacturer's instructions. The cDNA was labeled by incorporation of 3,000 Ci/mM

alpha-[
32P]-dCTP [catalog number AA0005, Amersham, Arlington Heights, EL] using

the Prime-It Random Primer Labeling Kit [catalog #300385, Stratagene, La Jolla, CA]

5 Northern Analysis: Total RNA (30 ug/lane/cell line) was electrophoresed through

formaldehyde/agarose gels [formaldehyde, catalog #F79-500, and agarose, catalog

#BP164-100, Fisher, Norcross, GA] and transferred to a nylon membrane [catalog

#NJ0HYB0010 Magnagraph, Fisher] according to standard procedures (Sambrook et

al., 1989). Hybridization was carried out in roller bottles at 68° C overnight in

10 QuikHyb hybridization solution [catalog #201220, Stratagene]. Washing was

performed according to the manufacturer's instructions. Autoradiography [Fuji film,

catalog #04-441-95, Fisher] was carried out at -70 °C to -80° C, using an intensifying"

screen.

15 RESULTS

Identification of Cells

The identity of the cells present within the human fetal, mature, and geriatric cell

populations were examined using insulin and dexamethasone in a comparison/contrast

analysis. Morphologies consistent with skeletal muscle myotubes, adipocytes, cartilage

20 nodules, and bone nodules were produced by treatment with both insulin or

dexamethasone in all five human cell populations. However, a greater percentage of

morphologies were induced with dexamethasone than with insulin (TABLE 3,

FIGURE 22A-D). The data suggest that both progenitor cells (insulin accelerated

morphologies) and pluripotent cells (dexamethasone induced morphologies) are

25 present in human cells derived from 25 year-old female dermis, 22 week-old fetal male

and 25 week-old fetal female (pre-natal) skeletal muscle connective tissues, and 67

year-old male and 77 year-old female skeletal muscle connective tissues.

Table 3

30 Induction of the Expression of Different Mesodermal Morphologies by
Dexamethasone and Insulin in Human Mesenchymal Stem Cells

Insulin (2|ng/ml) Dexamethasone n0''"-m-s MJ
• MT" Adip CN BN MT Adip CN RN

35 Weeks 1 2 4 6 1 2 4 6

i
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CF-SkM +c + + + ++d ++++++
CM-SkM + + + + ++++++++
NHDF + + + + ++++++++
PAL#2 + + + + ++++++++

5 PAL#3 + + + + ++++++++

a-MT, myotubes; Adip, adipocytes; CN, cartilage nodule; BN, bone nodule.

b-Number of weeks of incubation for appearance of the cell type.

c-approximately 0-5% of culture expressing each particular designated phenotype, with approximately

10 20% of culture exhibiting all four phenotypes after six weeks of incubation.

d-approximately 10% of culture expressing each particular designated phenotype, with >40% of

culture expressing all four phenotypes after six weeks of incubation.
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Flow Cyt metric Analysis

Since the cell surface antigens expressed by human progenitor and pluripotent cells

were unknown, we analyzed the five cell populations for the presence of CD3, CDS,

5 CD7, CD10, CDllb, CD13, CD14, CD15, CD16, CD19, CD25, CD45, CD56, CD65,

and MHC Class-I by immunochemistry coupled with flow cytometry. This powerful

technique allowed us to examine large numbers of cells relatively quickly and easily.

All human cell populations examined were positive for the cell surface expression of

CD10, CD13, CD56, and MHC Class-I, and negative for CD3, CD5, CD7, CD1 lb,

10 CD14, CD15, CD16, CD19, CD25, CD45, and CD65 (TABLE 4, FIGURES 23 and

24). The data demonstrate that CD 10 (neutral endopeptidase), CD 13
1

(aminopeptidase), CD56 (neural ceil adhesion molecule, 140 kDa isoform), and major,

histocompatibility Class-I antigens are located on the cell surface of these human cells

at fetal (male and female), adult (female), and geriatric (male and female ) ages.

15

TABLE 4

CD MARKER EXPRESSION*

CM-SkM CF-SkM NHDF PAL#3 PAL#2
CD3 150 140 13 19 0

CD5 23 38 26 26 0

CD7 29 66 2 2 0

CD10 4700 200 4676 4627 66

CDllb 4 126 31 31 0

CD 13 9280 9638 9900 9976 8260

CD14 27 205 104 182 750

CD15 75 89 168 8 0

CD 16 71 67 12 12 0

CD 19 8 68 14 29 151

CD25 1 57 21 21 52

CD45 5 74 30 32 43

CD56 1120 2952 488 474 3980

CD65 210 87 8 10 0

Class-

1

542 9556 9542 8420 8416

*CD Marker expression detected by immuno-flow cytometry. Results are expressed as absolute

numbers of cells exhibiting positive staining for cell surface CD markers from a gated population of

10,000 cells.

40

Molecular Analysis of CD 10. CD13. and CD56
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To determine whether CD 10 (neutral endopeptidase), CD 13 (amiriopeptidase), and

CD56 (neural cell adhesion molecule, 140 kDa isoform) were being transcribed by the

cells at time of harvest, total RNA from CF-SkM, NHDF, and PAL#3 samples was

analyzed by the Northern blot technique using fragments of human CD 10, CD 13, and

5 CD56 32
P-labeled cDNAs as probes. A variable pattern in the transcription of the CD

markers at the time of cell harvest was observed (TABLE 4, FIGURE 28). Strong

cDNA binding for CD56-mRNA was observed in all three cell lines, suggesting active

transcription of neural cell adhesion molecule isoforms in all three cell lines. cDNA

binding for CD13-mRNA was either weak (CF-SkM), strong (NHDF), or not present

10 (PAL#3), suggesting that there are variations in the transcription of amiriopeptidase

within the different cell lines. No cDNA binding for CD 10 mRNA was present in any

of the three cell lines examined. This finding suggests two possibilities: either the

mRNA for CD 10 was not transcribed at the time of harvest, or the amount ofmRNA

for CD 10 was below the limits of detection of the assay.

15

DISCUSSION

Every year millions of people suffer tissue loss or end-stage organ failure (Langer and

Vacanti, 1993). The total national US health care costs for these patients exceeds 400

billion dollars per year. Currently over 8 million surgical procedures requiring 40 to 90

20 million hospital days are performed annually in the United States to treat these

disorders. Although these surgical procedures have saved and improved countless

lives, they remain imperfect solutions. Options such as tissue transplantation and

surgical intervention are severely limited by critical donor shortages, long-term

morbidity, and mortality. Donor shortages worsen every year and increasing numbers

25 of patients die while on waiting lists for needed organs. A wide variety of transplants,

congenital malformations, elective surgeries, diseases, and genetic disorders have the

potential for treatment with autologous stem cells as the source of donor tissue, either

alone or in combination with other agents. A preferred treatment is the treatment of

tissue loss where the object is to increase the number of cells available for

30 transplantation, thereby replacing the missing tissues or providing sufficient numbers of

cells for ex vivo gene therapy. The use of autologous cells should result in an
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identical HLA match, obviating the morbidity and mortality associated with allogeneic

transplants and immunosuppressive therapy.

Previous studies have demonstrated the existence ofmesodermal stem cells located

5 within the connective tissue matrices ofmany animal species, including humans

(Young et al., 1992a; Young et al., 1995; Lucas et al., 1993; Lucas et al., 1995; Pate

et al., 1993; Rogers et al., 1995; Warejcka et al., 1996). The existence of two

categories of these cells has been demonstrated by serial limiting dilution clonogenic

analysis (Young et al., 1993, 1986; Rogers et al., 1995).; Young, 1999).

10 Lineage-committed progenitor cells are either unipotent (forming tissues of a single

lineage such as the myogenic, fibrogenic, adipogenic, chondrogenic or osteogenic

lineages), bipotent (forming tissues of two lineages such as the chondro-osteogenic or

adipofibrogenic lineage), or multipotent (forming multiple tissues or cells within the

same lineage, such as the hematopoietic lineage). Lineage-committed progenitor cells

1 5 are capable of self-replication but have a life-span limited to approximately 50-70 cell

doublings before programmed cell senescence occurs. Individual clones of progenitor

cells demonstrate lineage restriction by giving rise to progeny of separate lineages

(e.g., myogenic, fibrogenic, adipogenic, chondrogenic, and osteogenic). One unique

characteristic of progenitor cells is that their phenotypic expression can be accelerated

20 by treatment with progression factors such as insulin, insulin-like growth factor-I

(IGF-I), or insulin-like growth factor-II (IGF-II) (Young, 1999; Young et al., 1998b).

By contrast, pluripotent cells are capable of extended self-renewal and the ability to

generate various lineage-committed progenitor cells from a single clone. For example,

a prenatal pluripotent mouse clone was induced by long-term treatment with

25 dexamethasone to form lineage-committed progenitor cells that exhibited

morphological and phenotypic expression markers characteristic of skeletal muscle,

fat, cartilage, and bone after more than 690 cell doublings (Young et al., 1998b).

Differentiation-inducing factors, such as dexamethasone, bone morphogenetic protein

(BMP), muscle morphogenetic protein (MMP), etc., are necessary to induce

30 lineage-commitment (Young, 1999; Young et al., 1998a). Progression factors such as

insulin, IGF-I, or IGF-II have no effect on pluripotent cells (Young, 1999). Once
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pluripotent cells commit to a particular lineage (i.e., become lineage-committed

progenitor cells), theoretically their ability to replicate would be limited to

approximately 50-70 cell doublings before programmed cell senescence occurs. These

newly generated progenitor stem cells can proliferate (under the influence of

5 proliferation factors, such as platelet-derived growth factors) for a maximum of 50-70

cell doublings. They can also differentiate further (under the influence of progression

factors) along separate mesodermal lines (Rogers et al., 1995; Young et al., 1993,

1998a, 1998b).

10 Because of both the proliferative and differentiative potential of these cells, we would

propose that they could be ofvalue in various transplantation and/or gene therapies

where donor tissue is in short supply. Indeed, utilizing our protocols (Lucas et al.,

1995; Pate et al., 1993) for the isolation of mammalian pluripotent cells, Grande et al.

(Grande et al., (1995) have demonstrated dramatic results in the reconstitution of

15 articular cartilage as well as subchondral and trabecular bone in the treatment of full

thickness articular cartilage defects in rabbits.

The time required for pluripotent cell isolation, propagation, and induction of lineage

commitment must be relatively short for these cells to be used in many clinical

20 situations in which the cells are removed, treated, and reintroduced into the patient's

body. Isolation of mammalian pluripotent cells may be accomplished by alternate

methods. Pluripotent cells may be obtained by means of cryopreservation at -70 to -

80°C in medium containing 7.5% (v/V) DMSO as previously described (Young et al.,

1991
;
Young et al., 1995; Lucas et al., 1995). Alternatively, a purified population of

25 pluripotent cells is obtained by propagating isolated cells from a primary harvest past

Hayflick's limit (50-70 cell doublings) (Hayflick, 1965). This procedure requires 5 to 9

months. A further procedure is to isolate individual clones of pluripotent and

progenitor cells by serial dilution clonogenic analysis. This procedure requires 18 to 24

months. We would like to minimize the time required for isolating these cells. One

30 aspect of our current research is aimed at characterizing cell surface antigens on human
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progenitor and pluripotent cells. This knowledge is intended to reduce the time and

manipulation required to isolate more highly purified populations of these cells.

This is the first study to demonstrate the cell surface localization of neutral

5 endopeptidase (CD 10), aminopeptidase (CD 13), neural cell adhesion molecule, 140

kDa isoform (CD56), and MHC Class-I for human progenitor and pluripotent

mesenchymal stem cells. We suggest that these cell surface CD antibodies could be

used in conjunction with flow cytometry and fluorescence-activated cell sorting or

magnetic bead technology as an initial step to isolate more purified populations of

10 human cells from an initial cell harvest. Starting with a population enriched with these

autologous cells would significantly decrease the culture time and cost required to

obtain an adequate number of progenitor and pluripotent cells for various

transplantation and/or gene therapies.

15 Positive Staining for CD Markers in Human Mesodermal Cells

The functional significance of the particular cell surface moieties CD10, CD13, CD56,

and MHC Class-I expressed by the human fetal, adult, and geriatric cells utilized in this

study remains unknown at this time. However, CD 10, CD 13, and CD56 are known to

be expressed on both differentiated cells and early stem cells within the hematopoietic

20 system (Kishimoto et al., 1997). Cell surface neutral endopeptidase (CD 10) has been

utilized with antibodies to cluster differentiation (CD) markers and flow cytometry as a

method for the identification of common acute lymphoblastic leukemia antigen

(CALLA) cells, early lymphoid progenitor cells, mature granulocytes, and neutrophils

(Kishimoto et al., 1997). This membrane-associated zinc-metallopeptidase has been

25 shown to inactivate a wide variety of regulatory peptide hormones, including

enkephalin, chemotactic peptide, substance P, neurotensin, oxytocin, bradykinin,

bombesin, and angiotensins I and II (Shipp et al., 1989; Shipp et al., 1991a;

Llorens-Cortes et al., 1992; Casale et al., 1994).

30 Cell surface aminopeptidase (CD 13) has been utilized with flow cytometry to identify

early committed progenitors of granulocytes and monocytes (CFU-GM) . It is
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expressed by all cells of these lineages as they mature (Kishitnoto et al., 1997). CD 13

is also expressed on a small proportion of large granular lymphocytes, but not other

lymphocytes (Kishimoto et al., 1997). CD13 is identical in structure to aminopeptidase

N (EC 3.4.11.2), a membrane bound zinc-binding metalloprotease (Look et al., 1989;

5 Larsen et al., 1996. This enzyme is known to catalyze the removal ofNH2-terminal

amino acids from regulatory peptides produced by diverse cell types (Larsen et al.,

1996; Weber et al., 1996).

One possible function of the cell surface enzymes, neutral endopeptidase (CD 1 0) and

10 aminopeptidase (CD 13), on these stem cells is that they may serve to regulate the

differentiation process by preferentially degrading autocrine, paracrine, and/or

endocrine regulatory peptides (e.g., lineage-commitment agents, progression factors,

"

and proliferation agents) that may affect these cells. Young et al. (1998a)

demonstrated the ability of various paracrine and endocrine regulatory peptides to alter

15 proliferation, lineage-commitment, and lineage progression in progenitor and

pluripotent stem cells. These compounds included those which affected proliferation

(platelet derived growth factors-AA and -BB), lineage-induction (dexamethasone,

BMP and MMP), and progression (insulin, IGF-I and IGF-II). Their study suggested

that the ability of stem cells to respond to specific regulatory peptides is more tightly

20 controlled as differentiation proceeds from a lineage-uncommitted pluripotent stem cell

to a lineage-committed progenitor stem cell.

The 140 kDa isoform of neural cell adhesion molecule (NCAM, CD56) has been

utilized with flow cytometry as the prototypic marker to identify natural killer (NK)

25 cells and (CD4+/CD8+) T-cells (Kishimoto et al., 1997). Although its function has not

been convincingly demonstrated with hematopoietic cells, it has been suggested to be

involved in homophilic adhesion forNK and T-cells due to the C2-set Ig regions and

fibronectin regions within its extracellular domain (Lanier et al., 1989; Lanier et al.,

1991). With respect to non-hematopoietic tissues, homophilic and heterophilic

30 adhesion by NCAM has been proposed to regulate both cell-cell and cell-matrix

interactions. This may be due in part to its ability to interact with type I collagen in its
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associated extracellular matrix, a key element in adhesion and migration of cells

(Meyer et al., 1995). NCAM appears on early embryonic cells and is important in the

formation of cell collectives and their boundaries at sites of morphogenesis

(Rutishauser, 1992). Later in development it is found on various differentiated tissues.

5

Previous studies (Young et al., 1995; Lucas et al., 1995; Young et al., 1993; Young,

1999) demonstrated the potential for mesenchymal stem cells to form tissues of

mesodermal origin such as skeletal muscle, cardiac muscle, smooth muscle, and bone

(osteoblasts). These particular differentiated cell types have been shown to utilize

10 NCAM for cell-cell and cell-matrix interactions leading to their differentiation

(Knudsen et al., 1990; Peck and Walsh, 1993; Byeon et al., 1994; Lyons et al., 1992;

Romanska et al
, 1996; Lee and Chuong, 1992). Of particular interest is the

percentage ofmesenchymal stem cells within the five cell lines displaying CD56

(TABLE 4). The differences in numbers of cells exhibiting CD56 may reflect the

15 chronological age or the functional capability of the cells at time of harvest. It is also

possible that the percentage of cells exhibiting CD56 in each cell line may reflect the

absolute numbers of progenitor versus pluripotent stem cells within their respective

populations. Cell surface NCAM functions during normal embryological development

to regulate the required cell-cell and cell-matrix interactions in preparation for further

20 differentiation of mesenchymal stem cells along their respective tissue lineage

pathways. It may also have a similar function in the adult.

Cell surface major histocompatibility complex (MHC) Class-I molecules have been

shown to be present on all vertebrate species and to be expressed on almost every

25 nucleated cell in the body (Benjamini et al., 1996). While MHC Class-I molecules play

a central role in the phenomena of antigen processing and presentation (Benjamini et

al., 1996; Abbas et al., 1997), they have also been studied extensively to understand

the mechanisms ofimmune responses that discriminate between self and non-self.

Mesenchymal stem cells have been proposed as a source of cells for tissue engineering,

30 either as donor tissue for transplantation or as a delivery vehicles for gene therapy

(Young et al., 1998a,b). As shown (TABLE 4), greater than 80% of the cells within
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the populations of stem cells isolated from fetal, adult, and geriatric aged individuals

express MHC Class-I antigens. This indicates that those particular Class-I

antigen-expressing cells would be recognized as foreign in a MHC mismatched

immunocompetent individual, and thus should only be used for autologous or

5 syngeneic transplants. In contrast, there were approximately 5% of fetal and adult stem

cells and approximately 15% of geriatric stem cells that did not express MHC Class-I

antigens. This apparent decrease in MHC Class-I antigen expression may have been

due to quantities of cell surface Class-I antigens below the limits detectable by the

immunochemical/flow cytometric procedure utilized, or complete absence of these

10 molecules from the surface of a particular subset of stem cells. The significance of this

finding is unknown at this time. The presence or absence of cell surface MHC Class-I

molecules on these stem cells may signify the "differentiated" state of that particular

cell, i.e., the more differentiated (progenitor) stem cell exhibiting MHC Class-I

antigens and the more primitive (pluripotent) stem cell not expressing these particular

15 cell surface antigens. Alternatively, the "differentiated" state of a particular stem cell

may have nothing to do with the expression ofMHC Class-I antigens on its cell

surface. In this instance there may be a subset of stem cells without MHC Class-I

antigens that are essentially invisible to the immune system and thus may be candidates

for a universal tissue transplant. Such a particular subset of cells might be useful in

20 allograft transplant procedures. This area is currently under investigation.

Negative Staining for CD Markers in Human Mesenchymal Stem Cells

25 In contrast to the above four positive staining cell surface antigens, the following 1

1

antigens were found absent on the cell surface of fetal, adult, and geriatric human

mesenchymal stem cells. These markers were CD3, CD5, CD7, CD lib, CD 14, CD 15,

CD16, CD19, CD25, CD45, and CD65. The significance of these findings is unknown

at this time. However, these particular cell surface antigens have been ascribed only to

30 differentiated cells within the hematopoietic system (Kishimoto et al., 1997), i.e.,

T-cells (CD3, CD5, CD7, CD1 lb, CD25, CD45), B-cells (CD5, CD1 lb, CD19,
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CD25, CD45), thymocytes (CD7), granulocytes (CD1 lb, CD14, CD15, CD16, CD45,

CD65), monocytes (CD1 lb, CD 14, CD 16, CD25, CD45), natural killer cells (CD1 lb,

CD16, CD45), follicular dendritic cells (CD19), and mature erythrocytes (CD45).

5 In conclusion, this is the first study to demonstrate the cell surface localization of

neutral endopeptidase (CD 10), aminopeptidase (CD 13), neural cell adhesion molecule

isoform (CD56), and MHC Class-I for human mesenchymal stem cells. In and of itself,

we would suggest that these cell surface CD markers could be used in conjunction

with flow cytometry, fluorescent-activated cell sorting, magnetic bead separation, or

10 antibody purification columns as an initial step to isolate more purified populations of
v

human progenitor and pluripotent cells from an initial cell harvest. Starting with a

population enriched for these mesodermal cells would significantly decrease both

culture time and supply costs, plus improve the yield on the requisite progenitor and

pluripotent cells needed for various transplantation and/or gene therapies.

15

EXAMPLE 8

HUMAN MESENCHYMAL STEM CELLS DISPLAY HEMATOPOIETIC

CELL SURFACE CLUSTER DIFFERENTIATION MARKERS CD34 AND CD90

20 This report details the profile of 13 cell surface cluster differentiation markers on

human mesenchymal stem cells. Cells were isolated from fetal, mature, and geriatric

individuals following standard protocols for the isolation, cryopreservation, and

propagation of mesenchymal stem cells. The mesenchymal stem cell population from

each individual was composed of both progenitor and pluripotent stem cells. Results

25 from mesenchymal stem cells at 30 cell doublings revealed positive staining for CD34

and CD90 and negative staining for CD3, CD4, CD8, CD1 lc, CD33, CD36, CD38,

CD45, CD1 17, glycophorin-A, and HLA-II (DR). RNAs were extracted from each cell

line and probed with 32P-labeled cDNAs to CD34 and CD90 using Northern analysis.

The results demonstrate that CD90 was actively transcribed at time of cell harvest. We

30 report the first identification ofCD34 and CD90 cell surface antigens on human

mesenchymal stem cells.
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In order for stem cells to be useful clinically, the time period required for the isolation,

propagation, and induction of lineage commitment of stem cells prior to reintroducing

them into the patient's body must be relatively short. Our current research is therefore

focused upon characterizing cell surface antigens on human mesenchymal stem cells to

5 facilitate the isolation of more purified populations of these cells. The identification of

unique cell surface antigens to stem cells can permit the use of antibodies to these

antigens to expedite the isolation of stem cells. One technique currently under

investigation uses flow cytometry coupled with fluorescently labeled antibodies and

fluorescence-activated cell sorting. This technique has been used with antibodies to

1 0 cluster differentiation (CD) markers to characterize and isolate hematopoietic cells

based on the profiles of their cell surface antigens. Indeed, more than 180 individual

CD markers have been used to characterize and isolate the individual cell types within

the various lymphopoietic and erythropoietic lineages (Kishimoto et al., 1997).

15 The experiments reported in this paper involve characterizing the cell surface CD

marker antigens of human male and female stem cells isolated from fetal, mature, and

geriatric donors. The cells were obtained following standard protocols for the

isolation, cryopreservation, and expansion of mesenchymal stem cells (Young et al.,

1995; Lucas et al., 1995; Young et al., 1993; Young et al., 1991). The cell population

20 from each individual contained a mixture ofboth progenitor cells and pluripotent cells

as determined by a comparison/contrast analysis using dexamethasone and insulin

(Young et al., 1998a). Thirteen CD markers were examined in each stem cell

population using immunochemical fluorescence-activated flow cytometry. Positive

staining was obtained for CD34 and CD90. Negative results were obtained for CD3,

25 CD4, CD8, CD1 lc, CD33, CD36, CD38, CD45, CD1 17, glycophorin-A, and HLA-II

(DR). RNAs were extracted from the cell populations, subjected to electrophoresis,

and probed with 32P-labeled cDNAs to CD34 and CD90 using Northern analysis. The

results showed that CD90 was being actively transcribed at time of cell harvest. We

report the first identification of the presence of hematopoietic stem cell surface

30 markers CD34 and CD90 on human progenitor and pluripotent cells.
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MATERIALS AND METHODS

Human Mesenchymal Stem Cells

Six populations of stem cells were used in this study. Two were drawn from fetal

donors (one female and one male), two from mature donors (both female), and two

5 from geriatric donors (one female and one male). The cells were derived from two

different connective tissue compartments (dermis and connective tissues associated

with skeletal muscle). The protocols for harvesting human tissues were approved by

the Institutional Review Board at the Medical Center of Central Georgia, Macon, GA.

10 Fetal female cells were purchased as a subconfluent culture of25 week-old fetal

skeletal muscle cells derived from the connective tissue associated with the triceps

muscle [CF-SkMl, catalog # CC-2561, lot # 14722, Clonetics, San Diego, CA]. Fetal

male cells were purchased as a subconfluent culture of 22 week-old fetal skeletal

muscle cells derived from the connective tissue associated with the thigh muscle [CM-

15 SkMl, catalog # CC-023 1, lot # 6F0604, Clonetics]. Adult female cells were

purchased as a subconfluent culture of 25 year-old human dermal cells [NHDF1,

catalog # CC-0252, lot # 6F0600, Clonetics] and a subconfluent culture of 36 year old

human dermal cells [NHDF2, catalog #CC-0252, lot # 16280, Clonetics]. Upon

arrival, the cells were transferred to plating medium-A (PM-A). PM-A consisted of

20 89% (v/v) Eagle's Minimal Essential Medium with Earle's salts [EMEM, GIBCO BRL,

Grand Island, NY], 10% (v/v) pre-selected horse serum [lot no. 17F-0218 (HS7) or

49F-0082 (HS4), Sigma Chemical Co., St. Louis, MO] or [lot no. 3M0338 (HS3),

BioWhittaker, Walkersville, MD], and 1% (v/v) Penicillin/Streptomycin solution

[10,000 units/ml penicillin and 10,000 ug/ml streptomycin, GIBCO], pH 7.4. Cells

25 were incubated at 37°C in a 95% air/5% C02 humidified environment. After

expansion, cells were released with 0.05% (w/v) trypsin [DIFCO, Detroit, Ml] in Ca+2

Mg+2
- free Dulbecco's phosphate buffered saline [GIBCO] containing 0.0744%

(w/v) ethylenediamine tetraacetic acid [EDTA, Sigma] and centrifuged at 100 x g for

20 min. The supernatant was aspirated, the cell pellet resuspended in plating medium-

30 A and the cell suspension cryopreserved by slow freezing to storage at -70 to -80°C in
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plating medium-A containing 7.5% (v/v) dimethyl sulfoxide [DMSO, Morton Thiokol,

Danvers, MA] (Young et al., 1991).

Geriatric stem cells were obtained from Dr. Paul Lucas (Department of Orthopedic

5 Surgery, New York Medical College, Valhalla, NY). Geriatric cells were isolated

from the endomysial, perimysial and epimysial connective tissue compartments

associated with skeletal muscle pathology specimens obtained from a 77 year-old

female patient and a 67 year-old male patient following standard protocols for the

isolation of mesenchymal stem cells (Lucas et al., 1995; Young et al., 1999). These

10 cells were designated as "PAL2" and "PAL3", respectively. . In brief, stem cells were

liberated with collagenase [CLS-1, Worthington Biochemical Corp., Freehold, NJ] and

dispase [catalog # 40235, Collaborative Research Inc., Bedford, MA]. Single cell

suspensions were obtained by sequential filtration through 90-um and 20 -um Nitex

[Tetco Inc., Elmsford, NY]. Cells were seeded at 10
s
cells/1% (w/v) gelantinized [EM

15 Sciences, Gibbstown, NJ] 100 mm dishes [Falcon, Becton Dickinson Labware,

Franklin Lakes, NJ] in PM-A and allowed to expand and differentiate prior to

cryopreservation. Cells were incubated at 37°C in a 95% air/5% C02 humidified

environment. After expansion, cells were released with trypsin, sieved as above to

separate mononucleated stem cells from fibroblasts and differentiated phenotypes (i.e.,

20 multinucleated myotybes, adipocyte colonies, cartilage nodules, bone nodules), and

cryopreserved at -70 to -80°C in PM-A containing 7.5% (v/v) DMSO (Sigma) (Lucas

et al., 1995).

Further expansion of cells was obtained by repeating the propagation and

25 cryopreservation steps, but without sieving, utilizing 1% gelatinized T-75 flasks

[Falcon] and plating medium-B (PM-B). PM-B consisted of 89% (v/v) Opti-MEM

basal medium (Kawamoto et al., 1983) [catalog # 22600-050, GfBCO], 10% (v/v)

horse serum [HS3], and 1% (v/v) antibiotic-antimycotic solution [10,000 units/ml

penicillin, 10,000 ug/ml streptomycin, and 25 ug/ml amphotericin B as Fungizone,

30 GIBCO], pH 7.4. Cells were then aliquoted for the insulin/dexamethasone bioassay

and flow cytometry.
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Insulin/Bexamethasone Bioassay t identify Progenitor and Fiuripotent Stem

Cells

Propagated cells were examined using insulin and dexamethasone to determine

existence of progenitor and/or pluripotent stem cells (Young et al., 1998b). In this

5 bioassay, insulin accelerates phenotypic expression in progenitor stem cells but has no

effect on the induction of phenotypic expression in pluripotent stem cells. By contrast,

dexamethasone induces lineage-commitment and expression in pluripotent stem cells,

but does not alter phenotypic expression in progenitor stem cells. Therefore, if

progenitor cells alone are present in the culture there will be no difference in the

10 expressed phenotypes for cultures incubated in insulin compared with those incubated

with dexamethasone. If the culture is mixed, containing both progenitor and

pluripotent cells, then there will be a greater quantity of expressed phenotypes in

cultures treated with dexamethasone compared with those treated with insulin. In

addition, an increase in the number of phenotypes expressed may be observed. If the

15 culture contains pluripotent cells alone, there will be no expressed phenotypes in

cultures treated with insulin. Similar cultures treated with dexamethasone will exhibit

multiple expressed phenotypes. Thus comparing the effects of treatment with insulin

and dexamethasone permits the identification of specific types of progenitor and

pluripotent stem cells within an unknown population of cells (Young et al., 1992,

20 1993, 1995, 1998a,b, 1999; Lucas et al., 1993, 1995; Pate et al., 1993; Rogers et al.,

1995; Warejcka et al., 1996).

Aliquots ofCM-SkMl, CF-SkMl, NHDF2, PAL3 and PAL2 cells were thawed and

plated individually at 10,000 cells per well in 1% gelatinized 24-well plates [Corning,

25 Corning, NY] or 1,000 cells per well in 1% gelatinized 96-well plates [Falcon] utilizing

PM-B, After 24 hr PM-B was removed and replaced with either control medium

(CM) (98% Opti-MEM, 1% HS3, 1% antibiotic-antimycotic solution),insulin stesting

medium (CM + 2 ug/ml insulin [Sigma]), or dexamethasone testing medium. The

dexamethasone testing medium consisted of 98%, 94%, or 89% Opti-MEM; 1, 5, or

30 10% serum [HS3, HS9 (horse serum, lot number 90H-0701, Sigma), respectively, or
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1% FBS (fetal bovine serum, lot no. 3000L, Atlanta Biologicals, Norcross, GA)], 1%

antibiotic-antimycotic solution and

10
10

,

10"9
,
10

-8

,
10"7

, or 10'6 M dexamethasone [Sigma]) (Young et al., 1995, 1998b).

Media were changed three times per week for eight weeks. Cultures were viewed

5 twice weekly for changes in phenotypic expression and photographed.

Discernible changes in phenotypic expression of the putative mesenchymal stem cells

were determined using morphological criteria. The morphological phenotypes were

identical to those noted previously in avian and mouse mesenchymal stem cells

10 incubated with insulin or dexamethasone (Young et al., 1993, 1998a). Skeletal

myogenic structures were identified by their elongated multinucleated appearance,

cross-striations, and spontaneous contractility (Young et al., 1993, 1995). Skeletal

muscle myotubes were verified by immunochemical staining using antibodies to

myogenin (F5D, Developmental Studies Hybridoma Bank, DSHB: Wright et al.,

15 1991), sarcomeric myosin (MF-20, DSHB: Bader et al., 1982), fast-skeletal muscle

myosin (MY-32, Sigma: Naumann and Pette, 1994), myosin heavy chain (ALD-58:

Shafiq et al., 1984), and human fast myosin fibers (A4.74: Webster et al., 1988).

Smooth muscle cells were identified as large polygonal cells containing intracellular

stress filaments. The smooth muscle phenotype was verified immunocytochemically

20 with antibodies to smooth muscle alpha-actin (1 A4, Sigma Skalli et al., 1986). Cardiac

myocytes were identified as binucleated cells. The cardiac muscle phenotype was

verified immunochemically with co-labeling of antibodies for both smooth muscle

alpha-actin (1A4) and sarcomeric myosin (MF-20) (Eisenberg and Markwald, 1997).

Adipogenic cells were identified as polygonal cells containing multiple intracellular

25 refractile vesicles. Adipocytes were verified by the presence of intracellular vesicles

containing saturated neutral lipids by means of histochemical staining with Sudan

Black-B (Chroma-Gesellschaft, Roboz Surgical Co., Washington, DC: Young et al.,

1993) and Oil Red-0 (Sigma: Humason, 1972). Chondrogenic structures were

identified as aggregations of round cells (either as sheets or discrete nodules) with

30 refractile pericellular matrix halos. The cartilage phenotype was verified by

immunochemical staining for collagen pro type-II (CI lClm DSHB: Holmdahl et al.,
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1986; Johnstone et al., 1998); human-specific collagen type-II (II-4C1I, ICN

Biomedicals, Aurora, OH: Burgeson and Hollister, 1979; Kumagai et al., 1994); and

type IX collagen (Dl-9, DSHB: Ye et al., 1991), and histochemical staining with

Alcian Blue at pH 1.0 for glycosaminoglycans containing chondroitin sulfate and

5 keratan sulfate (Chroma-Gesellschaft: Young et al., 1993; Young et al., 1998a,b) and

Perfix/Alcec Blue (Fisher Scientific Co., Norcross, GA/Alrrich Chemical Co.,

Milwaukee, WI: Lucas et al., 1991) for glycosaminolycans containing sulfate moieties.

Osteogenic structures were identified as three-dimensional extracellular matrices

overlying cellular aggregations. The ostogenic phenotype was verified by

10 immunochemical staining for bone sialoprotein (WV1D1, DSHB: Kasugai et al., 1992)

and osteopontine (MP1 1 1, DSHB: Gorski et al., 1990), and histochemical staining for

calcium phosphate using the von Kossa procedure (Silber Protein, Chroma-

Gesellschaft: Young et al., 1993, 1998a,b). Fibroblasts were identified by their

morphological appearance as polygonal or spindle-shaped cells. The fibrogenic

1 5 phenotype was verified immunocytochemically with antibodies directed against human

fibroblast surface protein (1B10, Sigma: Ronnov-Jessen et al., 1992). Endothelial cells

were identified as cobblestone-shaped cells, occurring individually or in sheets. The

endothelial phenotype was verified by immunological staining for human-specific

endothelial cell surface marker (P1H12, Accurate, Westbury, NY: Solovey et al.,

20 1 997), peripheral endothelial cell adhesion molecule, PECAM (P2B 1 ,
DSHB),

vascular cell adhesion molecule, VCAM (P8B1, DSHB: Dittel et al., 1993), and E-

selectin (P2H3, DSHB). Secondary antibodies consisted of biotinylated anti-sheep

IgG (Vector), biotinylated anti-mouse IgG (Vector), or antibodies contained within the

Vecstatin ABC Kit (Vector). The tertiary probe consisted of avidin-HRP contained

25 within the Vecstatin ABC Kit (Vector). The following insoluble horseradish

peroxidase (HRP) substrates were used to visualize antibody binding: VIP Substrate

Kit for Peroxidase (blue, Vector), DAB Substrate for Peroxidase (black, Vector), and

AEC Staining Kit (red, Sigma). Different colored substrates were utilized to allow for

multiple sequential staining of the same culture wells.

30

Flow Cytometry
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Aliquots ofCM-SkM, CF-SkM, NHDF1, NHDF2, PAL#3, and PAL#2 cells at 30 cell

doublings after harvest were thawed and seeded at 10
s
cells/1% gelatinized T-75 flasks

in plating medium-B (PM-B), and allowed to expand at 37° C in a 95% air/5% C02

humidified environment. After expansion, cells were released with trypsin and

5 resuspended in PM-B. The cells were then centrifuged and resuspended in wash buffer

(Dulbecco's phosphate buffered saline without Ca+2
, Mg

+2
[Cellgro, MediaTech]

supplemented with 1% FBS [HyClone] and 1% (w/v) sodium azide, NaN3 [Sigma]) at

a concentration of 1 x 10
6
cells/ml. Cell viability was >95% by the Trypan blue dye

[GEBCO] exclusion technique (Young et al., 1993; Young et a., 1991). One hundred

10 microliters of cell preparation (1 x 10
5
cells) were stained with saturating

concentrations of fluoresceine isothiocyanate- (FITC), phycoerythrin- (PE), or perdinin

chlorophyll protein- (PerCP) conjugated CD3, CD4, CD8, CD1 lc, CD33, CD34,
"

CD36, CD38, CD45, CD90, CD1 17, glycophorin-A, and HLA-II (DR), or isotype

matched controls [Becton Dickinson, Inc. San Jose, CA]. Briefly, cells were incubated

15 in the dark for 30 min. at 4° C. After incubation, cells were washed three times with

wash buffer and resuspended in 0.5 ml ofwash buffer. Flow cytometry was performed

on a FACScan™ (Becton Dickinson) flow cytometer. Cells were identified by light

scatter (FIGURE 29). Logarithmic fluorescence was evaluated (4 decade, 1024

channel scale) on 10,000 gated events. Analysis was performed using LYSYS II™

20 software (Becton Dickinson). The presence or absence of staining was determined by

comparison to the appropriate isotype control. Gated events were scored for the

presence of staining for a CD marker ifmore than 25% of the staining was above its

isotype control. Statistical analysis was performed on the pooled flow cytometric data

from the five mesenchymal stem cell lines. Absolute numbers of cells per 1 0,000 gated

25 events are shown in TABLE 5 . A mean value above 1 ,000 gated cells is considered

positive for any given CD marker.

Statistical Analysis

The only biologically significant results were for markers CD34 and CD90. These

30 were divided into two specimens derived from prenatal human tissues and those

derived postnatal human tissues. The two groups were analyzed by One Way Analysis
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of Variance, using the ABSTAT computer program (Anderson-Bell Corp., Arvada,

CO).

Molecular Analysis

5 Aliquots of CF-SkM, NHDF, and PAL#3 cells at 30 cell doublings after harvest were

thawed and seeded at 10
5
cells/1% gelatinized T-75 flasks in plating medium-B, and

allowed to expand at 37 °C in a 95% air/5% C02 humidified environment. After

expansion, cells were released with trypsin, centrifuged, supernatants aspirated, and

cell pellets frozen and stored at -80 °C. Cell pellets were thawed on ice and total RNA

10 was extracted from CF-SkM, NHDF, and PAL#3 cells using the Qiagen QIAshredder

[catalog #79654, Qiagen, Chatsworth, CA] and RNeasy Total RNA Kit [catalog

#74104, Qiagen] according to the manufacturer's instructions. I.M.A.G.E. Consortium

(LLNL) cDNA clones (Lennon et al., 1996) for CD34, CD90 and P-actin (I.M.A.G.E.

Consortium Clone ID: 770858, 714060, and 586736, respectively, Research Genetics,

15 Huntsville, Al) were obtained. The cDNA inserts were excised from their respective

plasmids by restriction digestions and separated by agarose gel electrophoresis

according to standard procedures (Sambrook et al., 1989). Each cDNA band was

purified using the Qiaex II Gel Extraction Kit [catalog #20021, Qiagen] according to

the manufacturer's instructions. The cDNA were labeled by incorporation of 3,000

20 Ci/mM a-[
32P]-dCTP [catalog number AA0005, Amersham, Arlington Heights, IL]

using the Prime-It Random Primer Labeling Kit [catalog #300385, Stratagene, La

Jolla, CA],

Northern Analysis: Total RNA (30 mg/lane/cell line) was electrophoresed through

25 formaldehyde/agarose gels [formaldehyde, catalog #F79-500, Fisher, Norcross, GA;

agarose, catalog #BP164-100, Fisher] and transferred to a nylon membrane [catalog

#NJOHYB0010 Magnagraph, Fisher] by capillary transfer according to standard

procedures (Sambrook et al., 1989). Hybridization was carried out in roller bottles at

68° C overnight in QuikHyb hybridization solution [catalog #201220, Stratagene].

30 Washing was carried out according to the manufacturer's instructions.
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Autoradiography [Fuji, catalog #04-441-95, Fisher] was carried out at -70° C to -80°

C, using an intensifying screen.

RESULTS

5

Stem Cell Identification

The identity of the putative stem cells present within male and female human fetal,

mature, and geriatric cell populations was examined by a comparison/contrast analysis

utilizing insulin and dexamethasone. Small numbers of phenotypic alterations in

10 morphological appearance consistent with skeletal muscle myotubes, adipocytes,

cartilage nodules, and bone nodules were produced with insulin. Larger numbers of

similar phenotypic alterations were produced by treatment with dexamethasone.

Dexamethasone induced phenotypic expression markers for muscle, fat, cartilage,

bone, connective tissue, and endothelial cells. Skeletal muscle, smooth muscle, and

15 cardiac muscle phenotypes were recognized based on antibody staining. These cells

also resembled skeletal muscle myotubes, adipocytes, cartilage nodules, and bone

nodules. These morphological alterations occurred in all six human stem cell

populations at 30 cell doublings. At 80 cell doublings insulin had no effect on the cells,

whereas dexamethasone altered the phenotypic expression of the cells (FIGURE 26A-

20 D). The data support the hypothesis that both progenitor cells (insulin-accelerated

morphologies) and pluripotent cells (dexamethasone-induced morphologies) were

present in the populations after 30 cell doublings of putative human stem cells isolated

from 22 week-old fetal (pre-natal) male and 25 week-old fetal (pre-natal) female

skeletal muscle connective tissues, 25 year-old female dermis, 67 year-old male and 77

25 year-old female skeletal muscle connective tissues.

Flow Cytometric Analysis

Since cluster differentiation cell surface antigens expressed by human mesenchymal

stem cell populations were unknown, we analyzed the five cell populations for the

30 presence of CD3, CD4, CD8, CDllc, CD33, CD34, CD36, CD38, CD45, CD90,

CD1 17, glycophorin-A, and HLA-II (DR) by immunochemistry coupled with flow
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cytometry. This powerful technique allowed us to examine large numbers of cells

relatively quickly and easily. All human stem cells exhibited positive staining for

CD90. Positive staining for CD34 was exhibited by postnatal stem cells from NHDF

(adult human female NHDF1 and NHDF2), PAL#3 (geriatric human male), and

5 PAL#2 (geriatric human female). Negative staining for CD34 was exhibited by prenatal

stem cells from CM-SkM (fetal human male) and CF-SkM (fetal human female). The

postnatal adult NHDF1 and NHDF2 and geriatric (PAL#3 and PAL#2) cell

populations expressed dual CD34/CD90 staining, whereas the fetal (CM-SkM and

CF-SkM) populations only expressed CD90. When analyzed for antibodies to both

10 CD34 and CD90, the NHDF 1 population expressed 2520 cells positive for both CD34
i

and CD90 and 6979 cells positive for CD90 alone. NHDF2 expressed 7320 cells

positive for both CD34 and CD90 and 1 539 cells positive for CD90 alone. Using the"

same technique, PAL#3 contained 3430 cells positive for both CD34 and CD90 and

6069 cells positive for CD90 alone. PAL#2 contained 1880 cells positive for both

15 CD34 and CD90 and 6360 cells positive for CD90 alone. CM-SkM contained 1 cell

positive for both CD34 and CD90 and 9549 cells positive for CD90 alone. CF-SkM

expressed 180 cells positive for both CD34 and CD90, but expressed 8680 cells

positive for CD90 alone. No cells positive for CD34 but negative for CD90 were

found in any population tested. Staining was negative for CD3, CD4, CD8, CD1 1c,

20 CD33, CD36, CD38, CD45, CD1 17, glycophorin-A, and HLA-II (DR) (TABLE 5,

FIGURES 27-29) in all populations examined.

TABLE 5

CD MARKER EXPRESSION*

CM-SkM CF-SkM NHDF PAL#3 PAL#2
CD3 150 140 13 19 0

CD4 5 .55 26 26 0

CD8 59 76 38 20 160

CDllc 43 120 24 24 0

CD33 82 71 20 20 0

CD34 1 129 2065 1812 1880

CD36 135 154 36 36 0
CD38 86 80 26 26 0

CD45 5 74 30 32 43

CD90 9550 708 9499 9499 8240
CD117 4 134 40 40 0
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GlycoA

HLA-DRII

118

5

131

74

22

36

22

36

0

0

5 *CD Marker expression detected by immuno-flow cytometry. Results are expressed as absolute

numbers of cells exhibiting positive staining for cell surface CD markers from a gated population of

10,000 cells.

10 Molecular Analysis of CD34 and CD90

To determine whether CD34 and CD90 were actively being transcribed by the cells at

time of harvest, total RNA from CF-SkM, NHDF, and PAL#3 samples was analyzed

by the Northern blot technique using fragments ofhuman CD34 and CD90 cDNAs as

probes. A variable pattern in transcription of the CD markers at time of cell harvest

15 was obtained (TABLE 5, FIGURE 30) . No cDNA binding for CD34-mRNA was

present in any of the three cell lines examined, suggesting that either no active

transcription was occurring at the time of harvest, or that the amount ofmRNA for

CD34 was below the limits of detectability of the assay. cDNA binding for

CD90-mRNA was either strong (CF-SkM and NHDF), or weak (PAL#3), suggesting

20 similar transcription patterns for CD90 within the respective cell lines.

DISCUSSION

Positive Staining for CD Markers in Human Mesenchymal Stem Cells

The functional significance of the cell surface cluster differentiation markers CD34 and

25 CD90 expressed by the human fetal, adult, and geriatric mesenchymal stem cells

remains unknown at this time.

However, CD34 is known to be expressed on committed and uncommitted

hematopoietic precursor cells, small vessel endothelial cells and on some cells in

30 nervous tissue (Lin et al., 1995). One group of investigators, working with a cDNA

clone, characterized CD34 as a sialomucin (Simmons et al., 1992). The proposed

cellular function ofCD34 is thought to be the regulation of the differentiation of blood

cell precursors, with some suggestion that it is a cell adhesion molecule (Lin et al,

1995). Clinicians have extensively utilized monoclonal antibodies to CD34 to purify

35 hematopoietic stem cells and progenitor cells for use in autologous bone marrow
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transplantation. In addition, selection for cells expressing CD34 may be employed to

isolate cells in clinical applications for hematopoietic gene therapy (Sutherland, et ai,

1993).

5 CD90, also known as Thy-1, is expressed on hematopoietic cells (Craig et al., 1993),

neuronal tissue (Tiveron et al., 1992; Morris, 1985) and some connective tissues

(Morris and Beech, 1984). Craig et al. determined that CD90 was co-expressed along

with CD34 on a significant number of hematopoietic cells (Craig et al., 1993). Human

peripheral blood cells positive for both CD90 and CD34 were found to include

1 0 hematopoietic stem cells capable of producing multiple hematopoietic lineages in

immunodeficient mice (Tsukamoto et al., 1994). A function has not yet been assigned

to CD90, but it may play a role in signal transduction in T lymphocytes, as it is linked

to pathways involving tyrosine phosphorylation (Lancki et al., 1995). The protein is

considered part of the immunoglobulin supetfamily since it shares some homology with

15 immunoglobulins. Interestingly, since Thy-1 is expressed on brain tissue as well as T

lymphocytes, this protein may play a role in the development of ataxia-telangiectasia.

This disorder is characterized by lesions in both neurologic and immunologic function

(Gatti, 1991; Teplitz, 1978).

20 The adult female (NHDF)
,
geriatric male (PAL#3), and geriatric female (PAL#2) stem

cell populations expressed both CD34 and CD90 on the cell surface (as analyzed by

flow cytometry), whereas the fetal male (CM-SkM) and fetal female (CF-SkM)

populations expressed CD90 alone. This finding may be important for two reasons.

25 First, the only previously described cell population positive for both CD34 and CD90

belongs to the hematopoietic stem cell lineage. Because of their ability to express

phenotypic markers from multiple mesodermal lineages, we do not believe that these

cells belong solely to the hematopoietic lineage. Rather, our data suggest that we have

found a unique population that share this phenotypic characteristic with hematopoietic

30 stem cells.
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Second, the CD34 marker could be detected on the cell surface of adult female

(NHDF), geriatric male (PAL#3), and geriatric female (PAL#2) cells, but not on the

fetal male (CM-SkM) and fetal female (CF-SkM) cells. In addition, none of the cells

lines examined expressed CD34 mRNA by Northern blot analysis. There are two

5 possible explanations for the lack of expression ofCD34 mRNA. The amount of

mRNA present might have been below the limits of detectability of the assay.

Alternately, the active transcription of CD34 might have ceased, even though the

marker was still present on the cell surface of postnatal cells. This finding could help

explain why CD34 was expressed by fewer cells than CD90. The relative absence of

10 expression ofCD34 by fetal (CM-SkM and CF-SkM) cells is especially striking.

However, the significance of this finding is unknown at this time.

It is possible that the cells positive for either CD34 or CD90 observed in the stem cell

populations are derived from neuronal or connective tissue progenitor cells that

15 survived in culture. The stem cell populations used for flow cytometry were at 30 cell

doublings after tissue harvest. Programmed cell senescence occurs after Hayflick's

limit (50-70 cell doublings) has been achieved (Hayflick, 1963, 1965). Since the stem

cell populations used in this study had replicated fewer times than Hayflick's limit (i.e.,

were at 30 cell doublings), they could still contain progenitor and differentiated cells.

20 However, the cells positive for both CD34 and CD90 are unlikely to be derived from

neuronal or connective tissue cells as cells from these tissues are not known to

coexpress these two proteins. The full characterization of the cells positive for both

CD34 and CD90 remains to be accomplished.

25 Negative Staining for CD Markers in Human Mesenchymal Stem Cells

In contrast to the findings for CD34 and CD90, 1 1 antigens were found absent on the

cell surface of fetal, adult, and geriatric human mesenchymal stem cells. These markers

were CD3, CD4, CD8, CD1 lc, CD33, CD36, CD38, CD45, CD1 17, glycophorin-A,

and HLA-II (DR). The significance of these findings is unknown at this time.

30 However, these particular cell surface CD antigens have been ascribed only to

differentiated cells within the hematopoietic system. T-cells have exhibited the
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presence of CD3, CD4, CD8, CD45, and CD1 17 (Kishimoto et al, 1997).

Monocytes/macrophages have exhibited CD1 lc, CD36, CD38, CD45, CD1 17, and

HLA DR-II (Kishimoto et al., 1997). Natural killer cells have exhibited CD1 lc, CD38,

CD45, and CD1 17 (Kishimoto et al., 1997). Granulocytes have exhibited CD1 lc,

5 CD36, CD38, CD45, and CD1 17 (Kishimoto et al., 1997). Myeloid progenitor cells

have exhibited CD33, CD38, CD45, and CD117 (Kishimoto et al., 1997).

Erythrocytes have exhibited glycophorin-A (Kishimoto et al., 1997). Some neuronal

cells have exhibited CD38 and HLA DR-II (Mizguchi et al., 1995; Rohn et al., 1996).

10 The absence of these eleven surface markers characteristic of differentiated

hematopoietic cells on the male and female fetal, adult, and geriatric stem cells used in

this study has two possible explanations. The stem cells examined may lack the

capability under normal circumstances to differentiate along hematopoietic lineages. If

this hypothesis is correct, these markers may never appear on differentiated lineages of

15 these cells. Alternately, if these stem cells have the capability to differentiate along

hematopoietic lines, the absence of the eleven differentiation markers may indirectly

indicate that the cells studied are more primitive stem cells.

Potential for Tissue Engineering

20 Every year millions of people suffer tissue loss or end-stage organ failure (Langer and

Vacanti, 1993). The total national US health care costs for these patients exceeds 400

billion dollars per year. Currently over 8 million surgical procedures are performed

annually in the United States to treat these disorders. 40 to 90 million hospital days are

required for these treatments. Although these therapies have saved and improved

25 countless lives, they remain imperfect solutions. Options such as tissue transplantation

and surgical intervention are severely limited by critical donor shortages and possible

long-term morbidity. Donor shortages worsen every year and increasing numbers of

patients die while on waiting lists for needed organs. A wide variety of traumas,

congenital malformations, diseases, and genetic disorders have the potential for

30 treatment with autologous mesenchymal stem cells as the source of donor tissue. In

treating tissue loss, it is desirable to increase the numbers of cells available for
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transplantation to replace lost tissues. Procedures to increase cell numbers are also

desirable for ex vivo gene therapy. One benefit of using autologous stem cells is that

they can provide an identical HLA match, obviating the need for immunosuppressive

therapy, with its associated morbidity and mortality. A second benefit is the potential

5 for extended cell proliferation associated with pluripotent cells. Pluripotent stem cells

can greatly increase cell numbers prior to the induction of lineage commitment.

Following the induction of lineage commitment, the resulting progenitor stem cells can

then proliferate an additional 50-70 cell doublings before programmed cell senescence

occurs. The proliferative attributes of these two stem cell populations are very

10 important when limited amounts of tissue are available for transplantation and/or gene

therapies.

To date, progenitor stem cells have been used for site-directed repair ofbone

(Kadiyala et al., 1997), and pluripotent mesenchymal stem cells have been used for

15 site-directed repair of cartilage and bone (Grande et al., 1995). For autologous stem

cell therapies to have clinical relevance, relatively short time periods are needed for

the isolation, propagation, and lineage induction (if necessary) prior to re-introduction

of the cells into the individual. Previous work from our lab. used propagation past

Hayflick's limit (50-70 cell doublings) or cloning by limiting serial dilution (Rogers et

20 al., 1995; Young et al., 1993; Young et al., 1998b) to isolate individual populations of

progenitor and pluripotent cells. These techniques required from nine months to two

years for isolation and/or complete separation of progenitor and pluripotent cell

populations. Our current research is aimed at reducing the time required for the

purification of autologous progenitor and pluripotent cells. To that end we have

25 isolated these cells from fetal, adult, and geriatric human donors ofboth genders and

have begun characterizing their cell surface cluster differentiation antigens. We now

report the first demonstration of the expression of CD90 and varying amounts of

CD34 in human progenitor and pluripotent mesenchymal stem cells. We suggest that

these cell surface CD markers could be used in conjunction with flow cytometry and

30 fluorescence-activated cell sorting as an initial step in isolating more purified

populations of these cells from an initial stem cell harvest.
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The clinical application we envision is as follows. A patient wanting elective surgery to

repair a tissue defect or a candidate for gene therapy conies to a doctor's office. A

small dermal biopsy (approximately 5 mm3
) is removed under local anesthetic, placed

in transport fluid, and sent to the laboratory. There the tissue is digested enzymatically

5 to release the stem cells, and the cell suspension cultured. After the cells reach

confluence, they are released and the progenitor cells of choice and the pluripotent

cells are isolated using antibodies to their unique cell surface antigenic profiles. The

pluripotent cells are propagated to increase cell numbers and induced to commit to the

tissue lineage(s) of choice. In less than 30 days the patient's autologous stem cells,

10 both the original progenitor cells and the pluripotent cells (induced to commit to the
- i

desired lineage) are transplanted into the patient. For gene therapy, the pluripotent

cells would be transfected with the desired gene prior to cell propagation. This

protocol would significantly decrease both culture time and costs. It would also

improve the yield of the stem cells needed for specific transplantation and gene

1 5 therapies.

EXAMPLE 9

RETENTION OF PLURIPOTENT EMBRYONIC-LIKE STEM CELLS
IN POSTNATAL MAMMALS

20

In the course of characterization of the mesodermal differentiative capacity of isolated

pluripotent stem cells, we observed and noted other morphologies, indicating the

presence of distinct, even non-mesodermal phenotyptes. Human cells isolated by

cryopreservation as described in (Young et al., 1991, 1992a; Lucas et al., 1995) were

25 grown in 10"7 or 10"8 M dexamethasone and cells looking like osteoclasts

(hematopoietic lineage) (FIGURE 3 1A ) and nerve cells (FIGURE 3 IB and C) were

observed after 18 days in culture. Similarly, with Mouse 3T3 cells grown in 10"6 M
dexamethasone a large cell looking like a macrophage was observed after 9 days in

culture. Rat cells were grown in 10"7M dexamethasone and large cells were noted.

30

To assess the nature and extent of additional morphologies, pluripotent stem cells,

isolated from humans (CF-NHDF2 and PAL3 cells), were incubated in insulin and
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dexamethasone for up to 45 days and examined morphologically, immunochemically

and histochemically.

The original intent of this study was to determine if pluripotent mesenchymal stem cells

5 were present in postnatal humans. Adult human cells, derived from the dermis of a

36-year-old female and the skeletal muscle connective tissues of a 67-year-old male,

were isolated as described. The initial morphological studies of these cells showed that

they were small cells, and exhibited a high ratio of nucleus to cytoplasm (FIGURE

34A). This morphological appearance is consistent with that of embryonic stem cells.

10 Subsequent immunological staining showed that individual cells expressed

stage-specific embryonic antigens (SSEA)-1 (FIGURE 34B), SSEA-3 (FIGURE 34C),

SSEA-4 (FIGURE 34D), and human-specific carcinoembryonic antigens (HCEA and

CD66) (data not shown). These results suggested that cells retaining cell surface

embryonic antigens were present within these two cell lines.

15

We then used insulin and dexamethasone in a comparative/contrast bioassay to

determine the identity of the cells. No change in morphology or change in antigen

staining occurred when the cells were incubated with insulin, i.e., some cells still

expressed SSEA-1, SSEA-3, SSEA-4, HCEA, and CD66 (data not shown). This

20 suggested that the cells were not lineage-committed progenitor cells.

Incubation with dexamethasone caused both a loss of embryonic antigen staining and

the appearance ofphenotypic expression markers for cells of ectodermal, mesodermal,

and endodermal origin. This suggested that the cells were lineage-unrestricted stem

25 cells. Cells displaying ectodermal lineage markers were identified by induction of the

expression markers for neural ectoderm, e.g., nestin (FIGURE 34E), neurons

(FIGURE 34F), neurofilaments (FIGURE 34H), neuroglia (FIGURE 341), and surface

ectoderm, e.g., keratinocytes (FIGURE 34J). Cells displaying mesodermal lineage

markers were identified by induction of the expression markers for muscle, e.g.,

30 myogenin (FIGURE 34K), sarcomeric myosin, fast-skeletal muscle myosin, myosin

heavy chain (data not shown), skeletal muscle myotubes (FIGURE 34L), smooth
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muscle alpha-actin (data riot shown); fat, e.g., saturated neutral lipid (FIGURE 34M);

cartilage, e.g., type-II collagen (FIGURE 34N), type-IX collagen, chondroitin sulfate

and keratan sulfate proteoglycan-containing nodules (data not shown); bone, e.g., bone

sialoprotein-II (FIGURE 340), osteopontine, calcium phosphate-containing nodules

5 (data not shown); fibroblasts (data not shown); and endothelial cells, e.g., PECAM

(FIGURE 34P), VCAM, E-selectin, human-specific endothelial cell surface marker,

and CD34 (data not shown). Cells displaying endodermal lineage markers were

identified by induction of the expression markers for alpha-fetoprotein (FIGURE 34Q)

and gastrointestinal epithelium (FIGURE 34R).

10

Hayflick demonstrated that diploid fibroblasts (lineage-committed fibroblastic

progenitor cells) had a finite life-span limited to approximately 50 cell doublings befoFe

programmed cell senescence and death occurred. Thus the 50 cell doublings has been

termed "Hayflick's Limit". Investigators working with lineage-uncommitted embryonic

15 stem cells demonstrated that their cells have extended capabilities for self-renewal

through cell division, far surpassing Hayflick's Limit. We therefore examined the

proliferative capabilities of the cell lines. These cells were maintained in the pluripotent

state in these experiments. Cells underwent propagation, release, and cryopreservation

through 17 passages (NHDF2) and 39 passages (PAL3). Doubling time averaged

20 12-24 hr with approximately 4 doublings per passage. Thus the NHDF2 cells

underwent more than 70 cell doublings and the PAL3 cells more than 200 cell

doublings. In one group of experiments, cells were incubated in CM alone to maintain

them in the pluripotent state. In these experiments cells were incubated for 30-56 days.

Morphological, immunochemical, and histochemical analysis showed that these cells

25 demonstrated staining with antibodies to embryonic antigens. In a second group of

experiments, cells were incubated in CM containing insulin for 30-56 days to determine

if extended propagation would induce lineage commitment in the cells. Morphological,

immunochemical, and histochemical analysis showed that these cells demonstrated the

same staining pattern with antibodies to embryonic antigens. In a third group of

30 experiments, cells were incubated in CM containing dexamethasone for 30-56 days to

cause the cells to differentiate. Morphological, immunochemical, and histochemical
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muscle alpha-actin (data not shown); fat, e.g., saturated neutral lipid (FIGURE 34M);

cartilage, e.g., type-II collagen (FIGURE 34N), type-IX collagen, chondroitin sulfate

and keratan sulfate proteoglycan-containing nodules (data not shown); bone, e.g., bone

sialoprotein-II (FIGURE 340), osteopontine, calcium phosphate-containing nodules

5 (data not shown); fibroblasts (data not shown); and endothelial cells, e.g., PECAM

(FIGURE 34P), VCAM, E-selectin, human-specific endothelial cell surface marker,

and CD34 (data not shown). Cells displaying endodermal lineage markers were

identified by induction of the expression markers for alpha-fetoprotein (FIGURE 34Q)

and gastrointestinal epithelium (FIGURE 34R).

10

Hayflick demonstrated that diploid fibroblasts (lineage-committed fibroblastic

progenitor cells) had a finite life-span limited to approximately 50 cell doublings before

programmed cell senescence and death occurred. Thus the 50 cell doublings has been

termed "Hayflick's Limit". Investigators working with lineage-uncommitted embryonic

15 stem cells demonstrated that their cells have extended capabilities for self-renewal

through cell division, far surpassing Hayflick's Limit. We therefore examined the

proliferative capabilities of the cell lines. These cells were maintained in the pluripotent

state in these experiments. Cells underwent propagation, release, and cryopreservation

through 17 passages (NHDF2) and 39 passages (PAL3). Doubling time averaged

20 12-24 hr with approximately 4 doublings per passage. Thus the NHDF2 cells

underwent more than 70 cell doublings and the PAL3 cells more than 200 cell

doublings. In one group of experiments, cells were incubated in CM alone to maintain

them in the pluripotent state. In these experiments cells were incubated for 30-56 days.

Morphological, immunochemical, and histochemical analysis showed that these cells

25 demonstrated staining with antibodies to embryonic antigens. In a second group of

experiments, cells were incubated in CM containing insulin for 30-56 days to determine

if extended propagation would induce lineage commitment in the cells. Morphological,

immunochemical, and histochemical analysis showed that these cells demonstrated the

same staining pattern with antibodies to embryonic antigens. In a third group of

30 experiments, cells were incubated in CM containing dexamethasone for 30-56 days to

cause the cells to differentiate. Morphological, immunochemical, and histochemical
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analysis showed that following the induction of differentiation, the cells expressed

antigens characteristic of cells from the ectodermal, mesodermal, and endodermal cell

lineages. These results demonstrate that the cell lines did not lose their characteristics

resembling those of embryonic stem cells following propagation past Hayflick's Limit.

5 They also did not lose their pluripotent characteristics (ability to differentiate into cells

belonging to different embryonic lineages) following such treatment.

Based on a high nuclear to cytoplasmic ratio, expression of embryonic cell surface

antigens, capabilities for extended self-renewal, loss of embryonic antigens

10 concomitant with induced differentiation, and induced differentiated cell types showing

phenotypic expression markers for ectodermal, mesodermal, and endodermal lineage

cells, these cell lines meet the criteria for pluripotent stem cells. Their expression of

embryonic antigens and their differentiative capabilities closely resembles the attributes

of embryonic stem cells derived from the inner cell mass of mice, primates and humans.

15 These findings suggest that reserve pluripotent stem cells having characteristics

resembling those of embryonic stem cells are present in adult humans.

Culture conditions that exhibited multinucleated linear and branched structures that

spontaneously contracted were evaluated from day of plating through expression of

20 phenotypes using an enzyme-linked immuno-culture assay (ELICA) to verify the

presence of myogenic phenotypic markers within putative skeletal muscle cells, i.e.,

sarcomeric myosin (MF-20) (FIG. 32D), anti-skeletal muscle fast myosin (MY-32)

(FIG. 32E, 32F), myosin heavy chain (Young et al., 1992a,b; Young, 1999). Cultures

that exhibited binucleated and mononucleated polygonal-shaped cells with intracellular

25 fibers were further evaluated by staining with smooth muscle alpha-actin (IA4). Alpha-

actin staining of binucleate polygonal-shaped cells (FIG. 32K) is suggestive of a

cardiogenic phenotype (Eisenberg and Markwald, 1997), whereas alpha-actin staining

of mononucleated polygonal-shaped cells (FIG. 32L) is indicative of smooth muscle

cells (Young et al., 1992b). Cultures that exhibited multiple refractile vesicles were

30 further evaluated using Sudan Black-B (FIG. 32M) and Oil Red-0 staining to verify

the presence of saturated neutral lipids within putative adipocytes (Humanson, 1972;
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Young et al., 1993, 1995; Young, 1999). Cultures that displayed aggregates of

rounded cells containing pericellular matrix halos were further evaluated using both

immunochemical and histochemical stains. Putative chondrogenic lineage-committed

cells were confirmed using antibodies to type-IX collagen (D19) (FIG. 32P), type-II

5 collagen (HCII) (FIG. 320), and histochemical stains for chondroitin sulfate and

keratan sulfate proteoglycans, i.e., AlcianBlue, pH 1.0 (FIG. 32Q) and Safranin-O, pH

1.0. Alcian Blue, pH 1 .0 and Safranin-O, pH 1 .0 were further coupled with

degradative enzymes specific for chondroitin sulfate proteoglycans (chondroitinase-

AC, ICN Biomedicals, Cleveland, OH) and keratan sulfate proteoglycans (keratanase,

10 ICN) to verify the existence of these particular proteoglycans within the extracellular

matrix surrounding the putative chondrocytic nodules (Young et al., 1989a, 1992b,

1993, 1995; Young, 1999). Cells that exhibited cells embedded within and/or overlain'

with a three-dimensional matrix were further evaluated using both immunochemical

and histochemical procedures. Putative osteogenic lineage-committed cells were

15 probed with antibodies to bone sialoprotein (WV1D1) (FIG. 32S) and osteopontine

(MP1 1 1) (FIG. 32T), as well as stained using the von Kossa procedure (Silber Protein,

Chroma-Gesellschaft) (FIG. 32U) coupled with EGTA (Ethyleneglycol-bis-[beta-

Aminoethyl ether] N, N, N', N'-tetraacetic acid, Sigma) pre-treatment to verify the

presence of calcium phosphate within putative mineralized bone spicules (Young et al.,

20 1989a, 1992b, 1993, 1995).

Culture conditions that engendered round cell bodies with spidery cell processes were

further evaluated using antibodies for neuronal phenotypes, i.e., neural precursor cells

(FORSE-1) (FIGS. 33C), the neural precursor stem cell marker nestin (MAB353)

25 (FIG. 33J), neurofilaments (RT-97) (FIG. 33D), and neurons (8A2) (FIG. 33E). These

antibody staining results demonstrated that the human stem cells could form cells of

(neuro)ectodermal origin. Mononuclear and binuclear cells with intracellular non-

refractile cytoplasmic vesicles, suggestive of commitment to the hepatic (endodermal)

lineage were further evaluated using a human-specific antibody for alpha-fetoprotein

30 (HAFP) (FIGS. 33L, 33M). Positive staining was observed, indicating that the
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pluripotent human stem cells had the potential to also form cells of endodermal origin.

Based on its demonstrated properties, i.e., a high nuclear to cytoplasmic ratio, alkaline

phosphatase-positive staining, extended capabilities for self-renewal, high levels of

5 telomerase activity, and induced differentiated cell types showing phenotypic

expression markers for skeletal muscle, smooth muscle, cardiac muscle, fat cells,

cartilage, bone, endothelial cells, neuronal stem cells, neurons, and endoderm, these

cells meet the criteria for pluripotent stem cells and furthermore, closely resemble the

attributes of embryonic stem cells derived from mice, primates and humans. These

10 findings demonstrate the retention of pluripotent embryonic-like stem cells within

postnatal animals, including humans.

Additional immunochemical and histochemical studies were performed with a series of

human cell lines. Human cells CF-NHDF2 (derived from 36 year old female dermis)

15 were propogated to various doubling numbers (cell doublings ofbetween 12 and 47),

and examined, as above, for multiple induced mesodermal, ectodermal, endodermal

and embryonic lineages. Human cells CM-SkM2 and CF-SkM2, were similarly

examined, after propogation to 12 cell doublings. The results are tabulated in

TABLES 6-10. TABLE 6 provides a list of the immunocytochemistry and

20 immunohistochemistry markers examined. TABLES 7-9 provides the results of

examination of the human cells CF-NHDF2 at progressive cell doublings, under

different growth conditions. TABLE 10 provides the results of examination of the

human cells CM-SkM2, and CF-SkM2 at progressive cell doublings, under different

growth conditions.

25

A summary of the presence of the endodermal, ectodermal and mesodermal lineage

markers in the human cells is provided in TABLE 11.

The above results demonstrate the presence and isolation of pluripotent embryonic-like

30 stem cells, capable of differentiation to cells of endodermal, ectodermal and

mesodermal lineages from postnatal animal sources (i.e. not from embryonic tissue),

particularly for humans.
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TABLE 6

HUMAN CELL MARKERS

Immunocvtochemistiry :

NAME RECOGNITION GERM LAYER ORIGIN
1A4 smooth muscle alpha actin mesoderm

MF-20 sarcomeric myosin (skel muse) mesoderm

MY32 fast skeletal muscle mesoderm

F5D myogenin (skel muse) mesoderm

WV1D1(9C5) bone sialoprotein II (bone) mesoderm

MP111 B10(l) osteopontine (bone) mesoderm

C11C1 collagen pro type-II (conn tiss) mesoderm

Bl-9 collagen type IX (cart) mesoderm

FORSE-1 neural precursor cells ectoderm

RT97 neurofilaments (neural) ectoderm

8A2 neurons in all species (neural) ectoderm
,

MC-480 SSEA-1 (embryonic antigen) (emb. cells)

MC-631 SSEA-3 (embryonic antigen) (emb. cells)

MC-813-70 SSEA-4 (embryonic antigen) (emb. cells)

H-AFP alpha-fetoprotein endoderm

H-CD34 CD34 sialomucin mesoderm

H-CD66 carcinoembryonic antigen (emb. cells)

HCEA carcinoembryonic antigen (emb. cells)

HESA epithelial specific antigen endoderm

HFSP fibroblast specific protein mesoderm

JuL'C-JLl coiidgcii iypc-ii iiicsouemi

H-Endo endothelial cell surface mark mesoderm

iicauu ^ncurdi precursor cciij ectoderm

CNPase neuroglia (oligos/astros) ectoderm

S-100 neuronal ectoderm

N-200 neurofilament-200 ectoderm

HNES nestin (neural marker) ectoderm

P2B1 PECAM (endothelial) mesoderm

P2H3 selectin-E mesoderm
P8B1 VCAM (vascular) mesoderm
VM-1 keratinocyte ectoderm

ALD-58 myosin heavy chain mesoderm
A4.74 myosin fast chain mesoderm

Histochemistry

NAME RECOGNITION GERM LAYER ORIGIN^
Alk-Phos Alkaline phosphatase (emb. cells)

AB1.0 sulfated proteoglycans (cart.) mesoderm
SO 1.0 sulfated proteglycans (cart.) mesoderm
ORO saturated neutral lipid (fat) mesoderm
SBB saturated neural lipid (fat) mesoderm
vK calcium phosphate (bone) mesoderm



WO 01/21767 PCT/US00/26225

168

TABLE 7

5

HUMAN CELL RESULTS
CF-NHPF2

13 Doublings f2C-2P-13m 31 Doublings f2C-6P-31D)

10 Antibody 1%+I+D 10%+I+D 1%+I+D 10+1+D

1A4 + + + +
MF-20 + + +
MY-32 + + +
F5D + +

15 VW1V1(9C5) +

MP111 B10(l) +
C11C1 + > +

Dl-9 +

FORSE-1 +
20 RT97

8A2
MC-480
MC-631
MC-813-70 + +

25 H-AFP + + +
H-CD34 + + +
H-CD66 + + +
HCEA
HESA + +

30 HFSP + +
HC-n
H-Endo
MAB3S3
CNPasc +

35 S-100 + +

N-200

HNES

Alk-Phos + + + +
40 Alcian Blue

Sudan Black-B

Oil Red-0
von Kossa

45 +: indicates positively stained cells.

+/-: indicates staining slightly above background

0: indicates staining equivalent to background (replaced primary antibody with purified mouse IgG to

determine background staining)

A blank space indicates that cells were not tested

50
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TABLE 8

10

15

20

25

30

35

40

Antibody

1A4
MF-20
MY-32
F5D
WV1V1(9C5)
MP111 B10(l)

C11C1
Dl-9

FORSE-1
RT97
8A2
MC-480
MC-631
MC-813-70
H-AFP
H-CD34
H-CD66
HCEA
HESA
HFSP
HC-D
H-Endo
MAB353
CNPase
S-100

N-200

HNES

Alk-Phos

Alcian Blue

AB 1.0

SO 1.0

Sudan Black-B

Oil Red-O
von Kossa

HUMAN CELL RESULTS
CF-NHDF2

37 Douhlings aC-8P-37D)

1%+I+P 10%+I+D
+ +
+
+
+
+
+

+
+
+

+
+

+
+

0

+

+
+

40 Doublings QC-KMOD)
1%+I+D 10+I+D

+
+

+
+
+
+
+

+
+
+

+
+

0

0

0

+

+
+

+: indicates positively stained cells.

45 +/-: indicates staining slightly above background

0: indicates staining equivalent to background (replaced primary antibody with purified mouse IgG to

determine background staining)

A blank space indicates that cells were not tested

50
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1A4

10 MF-20
MY-32

F5D
WV1V1(9C5)

15 MP111 B10(l)

C11C1

Dl-9

20 FORSE-l

RT97
8A2
R401

25 MC-480
MC^31

MC-813-70

U AFP
30

H-CD34

H-CD66
HCEA

35 HESA
HFSP

HCII
H-EndoMAB353

40 CNPase
S-100

N-200

HNES

45 Alk-Phos

Alcian Blue

AB1.0

SO 1.0

Sudan Black-B

50 Oil Red-0
von Kossa
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TABLE 9

HUMAN CELL RESULTS
CF-NHDF2

45 Doublings (2C-12P-45D1 47 Doublings (2C-14P-47m

1%+I+D 10%+I+D 1%+I+D 10%+I+D
+ + + +

+ +/- + +
+ + + +

+ ' +

+ + + +
+ + + +
+ + + +

+ + + +

0 + + +
0 + + +
0 + 0 +
+ + 0 +

+ + + +
+ + + +

+

+ + 0 0

+ + + +
+ + + +
+ + + +

0 + 0 +
+ + +
+ + + +
+ + + +
+ + + +
+ + + +

+

+: indicates positively stained cells.

+/-: indicates staining slightly above background
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0: indicates staining equivalent to background (replaced primary antibody with purified mouse IgG to

determine background staining)

A blank space indicates that cells were not tested
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TABLE 10

HITMAN CELL RESULTS

5 CM-SKM2 CF-SKM2
22 Week Old Male r2C-2P-12m 19 year old Female (2C-2P-12P->

Antibody 1%+I+P 10%+I+D 1%+I+P 10%+I+P
1A4 + + + +

MF-20 +0 + +
10 MY-32 + + +

.
+

F5D + +

WV1V1(9C5) + +

MP111 B10(l) + + +

C11C1
15 Dl-9 + +

FORSE-1 + +

RT97
8A2
MC-480

20 MC-631
MC-813-70
H-AFP + +

H-CD34 + +

H-CD66 + +

25 HCEA
HESA + + +

HFSP +0 + +

hc-d
H-Endo

30 MAB353
CNPasc + + + +

S-100 +

N-200

35

40

HNES

Alk-Phos

Alcian Blue

AB 1.0

SO 1.0

Sudan Black-B

Oil Red-O
von Kossa

45 +: indicates positively stained cells.

+/-: indicates staining slightly above background

0: indicates staining equivalent to background (replaced primary antibody with purified mouse IgG to

determine background staining)

A blank space indicates that cells were not tested
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TABLE 11

Overall Results

<5
•J CF-NHDF2 CM-SkM

N/A na na Tinlid

1 Ad rat Rr human 4- 4- 4-

IT**1 "4U rat Rr hiunan + 4-

If) rat # humanlai tXf 11111110*1 4- 4; 4-

F5D Mt^r human + 4- 4-

rat iv
- human

A4 74 rat A- human
nf Ri hum^nIdl OCt ILU11UX1L + 4- 4-

15 MP111 BlOfl") rat & human + 4- 4-

C11C1 i*at & human +

Dl-9 rat & human + + ! 4-

RAT-401 rat & human +
FORSE-1 rat Rr human + 4- +

20 RT97 rat <^ humanX Cil (J(* llUlllUVll +
8A2 rat AV human +

human nnlv +

F8B1 human nnlv +

P2H3 human nnlv +

25 VM1 human nnlviiuiimii win t +
MP-4S0 human nnlv1Ul 1 lul 1 VJ1UT +

human nnlv +
human nnlviiuiiiaii Ulllj + 4-

IT-AFPn AT Jr
Tinman nn It/llUilla-ii Uiiij 4- 4- 4.

hiimsn nnlvllUillall Ullljr 4- 4 4-

human nnlvHUllLcUl Ullljr 4- + 4-

llUillall. UILljr 4-

human nnlv 4- + 4-

HFSP human nnlv 4- 4- +

35 human nnlv 4- + 4-

S-100 human only 4- 4- 4-

N-200 human only 4-

RMHC-1 rat nnlv4C1L. U1UT na na na

R-AFP rat only na na na

40 HC-I1 human only +

H-Endo human only +

MAB353 human only +

HNES human only +
ALK-PHOS rat & human +

45 Alcian Blue rat & human ,

Sudan Black-B rat & human

Oil Red-0 rat & human + +

von Kossa rat & human +
Perf-AB rat & human

50 S01.0 rat & human + 4- +
+: indicates positively stained cells.

+/-: indicates staining slightly above background

0: indicates staining equivalent to background (replaced primary antibody with purified mouse IgG to

determine background staining)
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A blank space indicates that cells were not tested

MATERIALS AND METHODS

Isolation and Expansion . Geriatric male cells, designated PAL3, were isolated from a

skeletal muscle specimen obtained from a 67-year-old human patient following

5 standard protocols for the isolation and propagation ofmesenchymal stem cells. 16,18

Adult female cells were purchased as a mixed subconfluent culture of 36-year-old

human dermal fibroblasts (NHDF2, catalog #CC-0252, lot #16280, Clonetics, San

Diego, CA). Upon arrival the cells were transferred to control medium (CM)

10 containing 10% HS9 (horse serum, lot #90H-070 1 ,
Sigma) and 2 U/ml ADF

(anti-differentiation factor, MorphoGen Pharmaceuticals, Inc., New York, NY). CM

consisted of89% (v/v) Opti-MEM (GBBCO-BRL), 0.01 mM beta-mercapto-ethanol _

(Sigma, St. Louis, MO), 1% (v/v) antibiotic-antimycotic solution (10,000 units/ml

penicillin, 10,000 mg/ml streptomycin, and 25 mg/ml amphotericin B as Fungizone,

15 GIBCO-BRL), pH 7.4. Cells were grown in a 95% air/5% C02 humidified

environment, released with trypsinl6, sieved through 90 mm and 20 mm Nitex

filtersl9, and cryopreserved in medium containing 7.5% (v/v) dimethyl sulfoxide

(DMSO, Morton Thiokol, Danvers, MA).20 Both populations were expanded further

following standard protocols for mesenchymal stem cells. 16, 18

20

Phenotypic Analysis . The cryopreserved cells were thawed and seeded at 1 x 103 cells

per well of 1% gelatinized 96-well plates (Corning, Corning, NY). 15,16 The cell lines

were incubated with CM only (non-induced) or CM + insulin and/or dexamethasone in

a comparison/contrast analysis system to ascertain induced phenotypic expression. 7, 15

25 In this assay, insulin accelerates phenotypic expression of lineage-committed

progenitor cells but has no effect on the induction of lineage-commitment and

subsequent phenotypic expression in pluripotent cells. By contrast, dexamethasone

induces lineage-commitment and phenotypic expression in pluripotent cells, but does

not alter phenotypic expression in progenitor stem cells.

30

Cells were cultured for 30-56 days in CM, CM + 2 mg/ml insulin, or CM + 10-6M

Dexamethasone +/- insulin + 1%, 5%, or 10% horse serum. Media changes occurred
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three times per week. Cultures were visually assayed twice weekly for changes in

phenotypic expression. These changes were verified using immunological and

histochemical analyses.

5 Immunochemical Analysis . Cultures were processed per manufacturer's directions or as

described.21 Cultures were stained with primary antibodies specific for 1) embryonic

cells: stage-specific embryonic antigen- 1 [MC-480, Developmental Studies Hybridoma

Bank, Iowa City, IA, DSHB], stage-specific embryonic antigen-3 [MC-631, DSHB],

stage-specific embryonic antigen-4 [MC-813-70, DSHB], human carcinoembryonic

10 antigen [HCEA, Sigma], and carcinoembryonic antigen [CD66, Vector Laboratories,

Inc., Burlingame, CA]; 2) ectodermal markers for nervous tissue: neural precursor

cells [FORSE-1, DSHB], nestin-1 [HNES, Chemicon, Temecula, CA], nestin-2

[Rat-401, DSHB], nestin-3 [MAB353, Chemicon], neurons [8A2, DSHB], neuronal

marker [S-100, Sigma], neuroglia [CNPase, Sigma], neurofilaments [RT97, DSHB],

15 neurofilament-200 [N-200, Sigma], and skin: keratinocytes [VM- 1 , DSHB]; 3)

mesodermal markers for muscle: myogenin [F5D, DSHB], sarcomeric myosin [MF-20,

DSHB], fast-skeletal muscle myosin [MY-32, Sigma], myosin heavy chain [ALD58,

DSHB], myosin fast chain [A4.74, DSHB], smooth muscle alpha-actin [1 A4, Sigma],

cartilage: collagen type-II [CIIC1, DSHB], collagen type-II [II-4CII, ICN Biomedicals

20 Inc., Aurora, OH], collagen type-IX [Dl-9, DSHB], bone: bone sialoprotein-II

[WV1D1, DSHB], osteopontine [MP1 11, DSHB], fibroblasts: human

fibroblast-specific protein [IB 10, Sigma], and endothelial cells: human-specific

endothelial cell surface marker [P1H12, Accurate, Westbury, NY], PECAM [P2B1,

DSHB], VCAM [P8B1, DSHB], E-selectin [P2H3, DSHB], human-specific CD34

25 sialomucin [HCD34]; and 3) endodermal markers: human-specific alpha-fetoprotein

[HAFP, Vector] and human-specific gastrointestinal epithelial-specific antigen [HESA,

Sigma]. Secondary antibodies consisted of biotinylated anti-sheep IgG [Vector],

biotinylated anti-mouse IgG [Vector], or contained within the Vecstatin ABC Kit

[Vector]. The tertiary probe consisted of avidin-HRP contained within the Vecstatin

30 ABC Kit [Vector]. The insoluble HRP substrates VIP Substrate Kit for Peroxidase

[blue, Vector], DAB Substrate for Peroxidase [black, Vector], and AEC Staining Kit
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[red, Sigma] were used to visualize antibody binding. Different colored substrates were

utilized to allow for multiple sequential staining of the same culture wells.

Histochemical Analysis . Cultures were processed as described. 15,22 Chondroitin

5 sulfate and keratan sulfate proteoglycans, characteristic of the cartilage were identified

by AlcianBlue at pH 1.0 staining.6, 16,23 Saturated neutral lipids, characteristic of

adipocytes (fat cells), were identified by Sudan Black-B and Oil Red-0

staining.6, 16,22,23 Calcium phosphate, characteristic of bone, was identified by the

von Kossa procedure. 6, 1 6,23

10

Capability for Extended Self-Renewal . Cells underwent progressive propagationl6,20

through 17 passages (NHDF2) and 39 passages (PAL3), respectively. Doubling time

averaged 12-24 hr with approximately 4-6 doublings per passage for more than 70 cell

doublings (NHDF2) and 200 cell doublings (PAL3). Cells were examined, as above.

1 5 Results were equivalent as previously shown. This suggested that the cell lines did not

lose either their embryonic-like identity or inductive capabilities after propagation past

Hayflick's number.

The following antibodies: MC-480 developed by D. Solter, MC-63 1 developed by D.

20 Solter, MC-813-70 developed by D. Solter, FORSE-1 developed by P. Patterson,

RAT-401 developed by S. Hockfield, 8A2 developed by V. Lemmon, RT97 developed

by J. Wood, VM-1 developed by V.B. Morhenn, F5D developed by W.E. Wright,

MF-20 developed by D A. Fischman, ALD58 developed by D.A. Fischman, A4.74

developed by H. Blau, CIIC1 developed by R. Holmdahl and K. Rubin, Dl-9

25 developed by X.-J. Ye and K. Terato, WV1D1 developed by M. Solursh and A.

Frazen, MP1 1 1 developed by M. Solursh and A. Frazen, P2B1 developed by E.A.

Wayner and G. Vercellotti, P8B1 developed by E.A. Wayner and T. LeBien, and P2H3

developed by E.A. Wayner and G. Vercellotti were obtained from the Developmental

Studies Hybridoma Bank developed under the auspices of the N1CHD and maintained

30 by The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242.
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Cell Harvest and Culture.

Adult female dermal cells were purchased as a sub-confluent culture of 36-year-old

human dermal fibroblasts (CF-NHDF2, catalog # CC-251 1, lot #16280, Clonetics, San

Diego, CA). Upon arrival the cells were transferred to plating medium-C (PM-C).

5 PM-C consisted of89% (v/v) Opti-MEM based medium (catalog #22600-050,

GIBCO) containing 0.01 mM beta-mercaptoethanol (Sigma), 10% (v/v) horse serum

(HS9, lot number 90H-0701, Sigma), 1% antibiotic-antimycotic solution (GIBCO),

and 2U/ml ADF (anti-differentiation factor, MorphoGen Pharmaceuticals, Inc., New

York, NY), pH 7.4. Cells were placed into a 95% air/5% C02 humidified chamber at

10 37oC, grown to confluence, with media changed three times weekly. Cells were

released with trypsin and processed for cryopreservation following our standard

protocols. Frozen cells were reconstituted, plated in PM-C medium, grown to

confluence, trypsin-released, replated, and grown to confluence. Cells were harvested

at designated passage numbers for insulin-dexamethasone analysis and flow cytometry.

15

Morphological Analysis .

The cultures were screened for the following morphologies throughout the assay: small

stellate cells with high nuclear to cytoplasmic ratios (potential stem cells), bipolar cells

(potential myoblasts), spindle cells (potential fibroblasts), multinucleated linear and

20 branched cells (potential skeletal myotubes), mononucleate polygonal-shaped cells with

intracellular filaments (potential smooth muscle cells), binucleate polygonal-shaped

cells with intracellular filaments (potential cardiac myocytes), mononucleate cells with

refractile intracellular vesicles (potential fat cells), mononucleate cells without

intracellular vesicles (potential endoderm cells), sheets of mononucleated cells in a

25 "cobblestone-like" appearance (potential endothelial cells), rounded cells with

pericellular matric halos (potential chondrocytes), aggregates ofrounded cells

containing pericellular matrix halos (potential cartilage nodules), aggregates of

rounded cells overlain with three-dimensional matrices (potential bone nodules), and

mononucleate cells with mutlple fine "spidery" cell processes (potential neuronal cells).

30

Histochemical Analysis
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Cultures were processed per manufacturer's directions or as described (Young et al.,

1998b). Cultures were stained for an embryonic marker (alkaline phosphatase); for

cartilage (chondroitin sulfate and keratan sulfate proteoglycans) using Alcian Blue

(Alcian Blau 8GS, Chroma-Gesellschaft, Roboz Surgical Co.) or Safarin-0 (Chroma-

5 Gesellschaft) at pH 1 .0 coupled with chondroitinase-AC (ICN Biomedicals, Cleveland,

OH)/keratanase (ICN Biomedicals) digestions to verify the presence of chondroitin

sulfate/keratan sulfate glycosaminoglycans located in the pericellular and/or

extracellular matrix; for fat cells (saturated neutral lipids) using using Sudan black-B

(Roboz Surgical Co., Washington, DC.) and Oil Red-0 (Sigma), and for bone

10 (calcium phosphate) Using von Kossa (Silber Protein, Chroma-Gesellschaft) staining

coupled with EGTA (Ethyleneglycol-bis-[P-Aminoethyl ether] N, N, N', N'-tetraacetic

acid, Sigma) pre-treatment to verify the presence of calcium phosphate within putative

mineralized bone spicules. Perf-AB was purchased from Fisher-Aldrich. AB1 .0,

SOI .0, SBB and vK were purchased from Chroma-Gesellschaft (Roboz).

15

Immunochemical Analysis .

Cultures were processed as described (Young et al., 1992b) or per manufacturer's

directions. Cultures were stained with antibodies specific for mesodermal markers

indicative of muscle (myogenin [F5D, Developmental Studies Hybridoma Bank,

20 DSHB], sarcomeric myosin [MF-20, DSHB], fast-skeletal muscle myosin [MY-32,

Sigma], myosin heavy chain [ALD-58, DSHB], myosin fast chain [A4.74, DSHB],

smooth muscle (smooth muscle alpha-actin [1A4, Sigma]), cartilage (collagens type-II

[CI1C1, DSHB] and -IX [Dl-9, DSHB]), bone (bone sialoprotein [WV1D1, DSHB],

osteopontine [MP1 1 1, DSHB]), endothelial cells (endothelial cell surface marker [H-

25 Endo, Accurate]); ectodermal markers: (epidermal cell [151-Ig, DSHB], neural

precursor cells [FORSE-1, DSHB], nestin [RAT-401; DSHB], neurofilaments [RT97,

DSHB], neurons [8A2, DSHB]); and endodermal markers (alpha-fetoprotein [HAFP,

Chemicon], epithelial cell [HA4cl9, DSHB]).

30 Antibodies
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Antibodies GAL-13, 1A4, MY32, DE-U-10, HCEA, HESA, HFSP, CNPase, S-100,

N-200 and ORO were purchased from Sigma. H-Endo was purchased from Accurate

Scientific. HNES and MAB353 were purchased from Chemicon. HC-II was

purchased from ICN. H-AFP, H-CD34, H-CD66 and ALK-PHOS were purchased

5 from Vector Laboratories. MF-20 developed by D.A. Fischman, F5D developed by

W.E. Wright, WV1D1 developed by M. Solursh and A. Frazen, MP1 1 1 developed by

M. Solursh and A. Frazen, CIIC1 developed by R. Holmdahl and K. Rubin, Dl-9

developed by X.-J. Ye and K. Terato, FORSE-1 developed by P. Patterson, RT97

developed by J. Wood, 8A2 developed by V. Lemmon, and RAT-401 developed by S.

10 Hockfield were all obtained from the Developmental Studies Hybridoma Bank

developed under the auspices of the NICHD and maintained by The University of

Iowa, Department Of Biological Sciences, Iowa City, IA 52242. MC-480, MC-631

and MC-8 13-70, all recognizing embryonic antigens were also obtained from the

Developmental Studies Hybridoma Bank. ALD-58, A4.74, P2B1, P8B1, P2H3 and

15 VM-1 were also obtained from the Developmental Studies Hybridoma Bank.

EXAMPLE 10

STIMULATION OF PLURIPOTENT CELLS WITH DIFFERENTTATION-

SPECIFIC FACTORS, ASSAYS AND ANALYSIS

20

Pluripotent stem cells, capable of extended self-renewal and multi-lineage

differentiation, are a unique and useful source of cells for studies of cell differentiation,

cell response to proliferation and differentiation, or lineage-commitment factors, and in

assay systems or methods of identifying and characterizing factors, agents or

25 compounds and in identifiying genes encoding any such factors, agents compounds,

etc., or genes involved in cell proliferation, differentiation and lineage-commitment.

Effects of Bioactive Factors .

Having access to mixed populations of progenitor stem cells, progenitor stem cell

30 clones, and pluripotent stem cell clones permits one to address the influence of various

bioactive factors (e.g. recombinant growth factors, purified compounds, and novel
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inductive factors) on the growth characteristics and phenotypic expression ofthese

stem cells. In initial studies, we have tested fourteen bioactive factors with these cells,

both singly and in combination (TABLE 12). Three general categories of activities

have been shown (proliferation, lineage-commitment, and lineage-progression). The

5 bioactive factors could produce either stimulatory or inhibitory effects. The effects

could be either general across all the lineages or limited to one or more specific tissue

lineages.

Endothelial cell growth factor showed no measurable effect on either progenitor or

10 pluripotent stem cells under the assay conditions used. Platelet-derived growth factor-

AA (PDGF-AA) and platelet-derived growth factor-BB (PDGF-BB) stimulated

proliferation in pluripotent cells and in all lineages of progenitor cells. Platelet-derived"

endothelial cell growth factor (PDECGF) showed no measurable effect on either

progenitor or pluripotent stem cells under the assay conditions used. Basic-fibroblast

15 growth factor (b-FGF) and transforming growth factor-p_(TGF-P) stimulated lineage-

progression in fibrogenic progenitor cells, inhibited lineage-progression in all other

progenitor cells, and had no effect on pluripotent cells. Dexamethasone (Dex)

depressed proliferation in pluripotent stem cells, stimulated general lineage-

commitment in pluripotent cells, and acted as a weak stimulator oflineage-progression

20 in all progenitor cells. Muscle morphogenetic protein (MMP) acted as a specific

myogenic lineage-commitment agent in pluripotent cells, a weak stimulator of lineage-

progression in myogenic progenitor cells, and had no effect on progenitor cells

committed to other lineages. Bone morphogenetic protein-2 (BMP-2) acted as a

specific chondrogenic lineage-commitment agent in pluripotent cells, a weak stimulator

25 of lineage-progression in chondrogenic progenitor cells, and had no effect on

progenitor cells committed to other lineages. Fibroblast morphogenetic protein (FMP)

(present and identified by us in fetal calf serum (FCS) (Atlantic Biologicals, lot

3000L)) acted as a specific fibrogenic lineage-commitment agent in pluripotent cells, a

stimulator of lineage-progression in fibrogenic progenitor cells, and had no effect on

30 progenitor cells committed to other lineages. Scar inhibitory factor (SIF) acted as a

specific inhibitor of the lineage-commitment activity ofFMP on pluripotent cells, a
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specific inhibitor of the lineage-progression activity ofFMP on progression in

fibrogenic progenitor cells, and had no effect on lineage-induction or lineage-

progression for other tissue lineages. Anti-differentiation factor (ADF) acted as a

general inhibitor of lineage-commitment activity on pluripotent cells and a general

5 inhibitor of lineage-progression activity on progenitor cells. Insulin, insulin-like growth

factor-I (IGF-I), and insulin-like growth factor-II (IGF-II) stimulated lineage-

progression in all progenitor cells, but had no measurable effect on pluripotent cells.

Transforming growth factor - p and basic-fibroblast growth factor stimulate lineage-

progression in fibrogenic progenitor cells, inhibit lineage-progression in all other

10 progenitor cells, and have no effect on pluripotent cells.

Northern Analysis of Expressed mRNAs .

We have used Northern blot analysis to examine the induction ofmyogenesis by MMP

in a mouse pluripotent stem cell clone. We have also used this technique to examine

1 5 CD marker transcription in human mesenchymal stem cells. MMP induced the

transcription ofmRNAs for myogenin and MyoDl gene expression in Swiss-XYP-7, a

prenatal mouse pluripotent stem cell clone (Rogers et al 1995; Young et al 1998a).

Northern blot analysis also showed that the genes for aminopeptidase (CD 13), neural

cell adhesion molecule (CD56), and Thy-1 (CD90) were actively being transcribed at

20 time of cell harvest in both prenatal and postnatal human mesenchymal stem cells (see

prior Examples)

Similar such studies can be utilized to examine expression of know or unknown genes

(through MRNA, etc.), or to generate cDNA libraries or differential display of genes

25 expressed in the pluripotent stem cells, cells derived therefrom, or in any such cells

after exposure to known or unknow bioactive factors.

Cell or Lineage Characterization

A combination of histological, functional, immunological, and expression (e.g. mRNA

30 expression, etc.) analyses can be utilized in characterizing and identifying particular cell

types. For instance, in characterizing a known or unknown bioactive factor as to
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particular proliferative, lineage-commitment or lineage-progression capacity, these

analyses can be utilized, similar to the characterizations shown in earlier Examples in

characterizing the inherent capacity of the pluripotent embryomic-like stem cells.

TABLE 13 provides a tabulation of histological, functional, immunological and cDNA

5 probe markers which might be utilized in characterizing cell types.

MATERIALS AND METHODS

(Material and Methods are as previously described, except as noted below).

10 Stem Cell Isolation. Clouting, and Expression

To isolate progenitor and pluripotent stem cells, a sample containing connective tissue

is harvested aseptically and transported in MSC-1, containing an additional 2x

antibiotic-antimycotic solution, to a sterile hood (Lucas et al 1995). MSC-1 culture

medium consists of 89% (v/v) medium [either Eagle's Minimal Essential Medium with

15 Earle's salts, EMEM, (GIBCO, Grand Island, NY) (Young et al 1991) or Opti-MEM

(GIBCO) containing 0.01 mM P-mercaptoethanol (Sigma Chemical Co., St. Louis,

MO) (Young et al 1998c,e)], supplemented with 10% serum [either pre-selected horse

serum, such as HS7 (lot # 1 7F-02 1 8, Sigma), HS4 (lot #49F-0082, Sigma), HS3 (lot #

3M0338, Bio-Whittaker, Walkersville, MD) (Young et al.l998e) or any non-selected

20 serum containing 2 U/ml anti-differentiation factor (ADF, Morphogen

Pharmaceuticals, Inc., New York, NY) (Young et al 1998c,e)], 1% antibiotic-

antimycotic solution [10,000 units/ml penicillin, 10,000 pg/ml streptomycin, and 25

|ig/ml amphotericin B as Fungizone, GIBCO] (Lucas et al 1995), pH 7.4. Tissue

samples are placed in 10 ml ofMSC-1 and carefully minced. After mincing, the tissue

25 suspension is centrifuged at 50 x g for 20 min. The supernatant is discarded and an

estimate made of the volume of the cell pellet. The cell pellet is resuspended in 7 pellet

volumes ofEMEM (or Opti-MEM + 0.01 mM P-mercaptoethanol), pH 7.4, and 2

pellet volumes of collagenase/dispase solution to release the cells by enzymatic action

(Lucas et al 1995). The collagenase/dispase solution consists of 37,500 units of

30 collagenase (CLS-I, Worthington Biochemical Corp., Freehold, NJ) in 50 ml of

EMEM (or Opti-MEM + 0.01 mM P-mercaptoethanol) added to 100 ml dispase
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solution (Collaborative Research, Bedford, MA). The final concentrations are 250

units/ml collagenase and 33.3 units/ml dispase (Young et al 1992a). The resulting

suspension is stirred at 37°C for 1 hr to disperse the cells and centrifuged at 300 x g

for 20 min. The supernatant is discarded, and the tissue pellet resuspended in 20 ml of

5 MSC-1 (Lucas et al 1995). The cells are sieved through 90 urn and 20 um Nitex to

obtain a single cell suspension (Young et al 1991). The cell suspension is centrifuged at

150 x g for 10 min., the supernatant discarded, and the cell pellet resuspended in 10 ml

ofMSC-1 (Lucas et al 1995). Cell viability is determined by Trypan blue exclusion

assay (Young et al 1991). Cells are seeded at 10 cells per 1% gelatinized (EM

10 Sciences, Gibbstown, NJ) 100 mm culture dish (Falcon, Becton-Dickinson Labware,

Franklin Lakes, NJ) or T-75 culture flask (Falcon). Cell cultures are propagated to

confluence at 37° C in a 95% air/5% CO2 humidified environment. At confluence the"

cells are released with trypsin and cryopreserved. Cells are slow frozen (temperature

drop of 1 degree per minute) in MSC-1 containing 7.5% (v/v) dimethyl sulfoxide

15 (DMSO, Morton Thiokol, Danvers, MA) until a final temperature of -70° to -80° C is

reached (Young et al 1991).

Insulin - Bexamethasone Analysis for Phenotvpic Expression .

3
Cryopreserved cells are thawed and plated in MSC-1 at 5, 10, or 20 x 10 cells per

20 well of gelatinized 24-well plates following the standard protocol. Twenty-four hours

after initial plating the medium is changed to testing medium (TM) 1 to 6 (TM-1, TM-

2, TM-3, TM-4, TM-5, or TM-6). TM-1 to TM-4 consist of Ultraculture (cat. no. 12-

725B, lot. nos. OM0455 [TM-1], 1M1724 [TM-2], 2M0420 [TM-3], or 2M0274

[TM-4], Bio-Whittaker, Walkersville, MD), medium (EMEM or Opti-MEM + 0.01

25 mM P-mercaptoethanol), and 1% (v/v) antibiotic-antimycotic, pH 7.4. TM-5 consists

of98% (v/v) medium, 1% (v/v) HS, and 1% (v/v) antibiotic-antimycotic, pH 7.4. TM-

6 consists of 98.5% (v/v) medium, 0.5% (v/v) HS, and 1% (v/v) antibiotic-antimycotic,

pH 7.4. Testing medium containing ratios of Ultraculture: medium (EMEM or Opti-

MEM + 0.01 mM p-mercaptoethanol). antibiotics (+ antimycotics) maintained both

30 progenitor and pluripotent cells in "steady-state" conditions for a minimum of30 days

in culture, and as long as 120 days in culture. Four testing media (TM#'s 1-4), each
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containing various concentrations of Ultraculture, were used as. The ratios of

Ultraculture to medium to antibiotics present in each testing medium was determined

empirically for each lot of Ultraculture, based on its ability to maintain steady-state

culture conditions in both populations of avian progenitor and pluripotent cells. The

5 four Ultraculture-based testing media were: TM-1 = 1 5% (v/v) Ultraculture (Lot no.

OM0455): 84% (v/v) medium: 1% (v/v) antibiotics; TM-2 = 15% (v/v) Ultraculture

(Lot no. 1M1724): 84% (v/v) medium: 1% (y/v) antibiotics; TM-3 = 50% (v/v)

Ultraculture (Lot no. 2M0420): 49% (v/v) medium: 1% (v/v) antibiotics; and TM-4 =

75% (v/v) Ultraculture (Lot no. 2M0274): 24% (v/v) medium: 1% (v/v) antibiotics.

10 Pre-incubation for 24 hr in testing medium alone is used to wash out any potential

synergistic components in the MSC-1 medium. Twenty-four hours later the testing

medium is changed to one of the following. For controls, TM-1 to TM-6 alone is used.

To identify clones of progenitor cells, the medium is replaced with TM-1 to TM-6

containing 2 u.g/ml insulin (Sigma), an agent that accelerates the appearance of

15 phenotypic expression markers in progenitor cells (TABLE 12). To identify clones of

-10 -6

pluripotent cells, the medium is replaced with TM- 1 to TM-6 containing 10 to 10

M dexamethasone (Sigma), a general non-specific lineage-inductive agent (TABLE

13). Control and treated cultures are propagated for an additional 30-45 days with

medium changes every other day. Four culture wells are used per concentration per

20 experiment. During the 0-45 day time period the cultures are examined subjectively for

changes in morphological characteristics on a daily basis. Alterations in phenotypic

expression are correlated with the days of treatment and associated insulin or

dexamethasone concentrations. The experiment is then repeated utilizing these

parameters to confirm objectively the phenotypic expression markers using established

25 histological, functional/histochemical, ELICA/flow cytometry, and molecular assays

(TABLE 13).
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TABLE 12

Proliferation and Phenotypic Responses of Pluripotent and Progenitor Cells Induced by

Various Bioactive Factors

Agent Proliferation Phenotypic Expression

J Pluripotent iiUgCIU LUX PlnrinntPtit Proopnitor

1
I

i
u AI1+

pnfiF-AAL LJKJl. /Art 16" ID AI1+

PTYiF-RR 19 1 0 o AI1+

PDFCGF ]
i
i o A11+

1ft b-FGF 1
ii o F++

TGF-p c o F++

b-FGF + TGF-B o F++

Dex A11++ All++

MMP 2 2 M++++ M+++/A11+

MMP lb
11 Dex 2 2 M+++++ M+++/A11++

BMP-2 2 2 Ci i 1 i C+++/AU+

BMP-2 fb Dex 2 2 C 1 1 1 1

1

C+++/A11-H-

MMP fb BMP-2 2 2 Ml ) I l M+++/C++/A11+

BMP-2 fb MMP 2 2 Cm i i M++/C+++/A11+

20 FMP 10 10 Finn- F++++/A11+

SIF 1 1 0 A11+ (F-)

FMP + SIF 10 10 0 A11+ (F-)

MMP + SIF 2 7 M I i -i f

FMP+ MMP 10 in Pi n 1

1

Fill I/AU+

FMP + SIF + MMP 10 in M 1 1 1 11V1 i i i i M+++/AII+ fF-1ivi • i i r -i

ADF 1 ii o o

ADF + Dex n n

ADF + MMP 2 o o

ADF + BMP-2 2 2 o o

ADr + rMr ID in o o

Insulin 2 0 A11+-H-

IGF-I 0 All-m-

IGF-n 0 A11+++

Insulin + IGF-I 0 AH++

35 Insulin + 1GF-Q 0 A11++

IGF-I + IGF-H 0 All-H-

Ins + IGF-I + IGF-fl 0 A11++

Dex + Insulin 1 A11+++ A11+++

MMP + Insulin 2 2 M+++++ M+-H-I-/A11+

40 BMP-2 + Insulin 2 2 C i I I I I C++++/A11+

"Presence and approximate distribution of differentiated phenotypes within the culture wells. Each individual "+"

represents a value or up to 20% ofthe maximal expression for each phenotype examined: + = 0-20%, ++ = 21-

40%, +++ = 41-60%, ++++ = 61-80%, and m i i i = 61-100%. 0, stellate only (no additional differentiated

45 phenotypes noted); M, myogenic; F, fibrogenic; C, chondrogenic; All, all phenotypes (i.e., myogenic, adipogenic,

fibrogenic, chondrogenic, osteogenic) expressed.
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b
16, number oftimes the agent increased the DNA content per well versus its respective control.

c
-, statistically significant decrease in DNA content per well versus its respective control.

5 d
(b, followed by.

i

t
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The following is an alphabetical list of the references referred to in the above Examples

1-10. The disclosures of the listed references as well as the other publications, Patent

disclosures or documents recited herein, are all incorporated herein by reference in

their entireties.
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EXAMPLE 1

1

30 CLONOGENJC ANALYSIS REVEALS RESERVE PLURIPOTENT

EPIBLASTIC-LIKE STEM CELLS TN POSTANAL ANMALS

ABSTRACT
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A previous study using serial dilution clonogenic analysis reported the existence ofa

clonal population of reserve pluripotent mesenchymal stem cells (PPMSC) isolated

from connective tissues associated with postnatal rat skeletal muscle. The current

study, also using serial dilution clonogenic analysis, reports the existence of another

5 clonal population of pluripotent stem cells. Comparison analysis between these two

clonal cell lines demonstrates similarities and differences. Both clonal cell lines are

lineage-uncommitted, as determined by an insulin/dexamethasone bioassay. Both

clonal cell lines remain quiescent in serum-free media unless activated by exogenous

agents. And both clonal cell lines are capable ofextended self-renewal, past Hayflick's

10 limit. The PPMSC clone is contact inhibited at confluence. In contrast, the clone

reported herein is not contact inhibited and will continue proliferating past confluence.

While both clonal cell lines will form cells of mesodermal origin (i.e^, skeletal muscle,

smooth muscle, fat, cartilage, bone), the clone reported herein will also form cells of

ectodermal (i.e., neuronal stem cells, neurons), and endodermal (i.e., liver hepatocyte)

15 origin. Because of its potential to form cells from all three primary germ layers, we

have designated this postnatal rat clone as a pluripotent epiblastic-like stem cell. This

study suggests the retention of embryonic-like reserve stem cells within postnatal

mammals and their potential involvement in the normal maintenance, repair and

regeneration of body tissues.

20

INTRODUCTION

Embryonic stem cells have been identified in the blastocyst, inner cell mass and gonadal

ridges of rodents and primates, including humans (Evans et al., 1981; Martin, 1981;

Thomson et al, 1995, 1998; Shamblott et al., 1998; Gearhart et al, 1999). After

25 isolation these undifferentiated cells express immunological markers for embryonic

stem cell antigens, positive alkaline phosphatase staining, capabilities for extended

self-renewal, and telomerase activity. When allowed to differentiate in vitro these

cells express immunological markers for tissues of ectodermal, mesodermal, and

endodermal origin (Thomson et al., 1995, 1998; Shamblott et al., 1998; Gearhart et al,

30 1999). However, when implanted in vivo the embryonic stem cells form spontaneous

teratomas (Thomson et al., 1998; Gearhart et al., 1999). Because of these unique

qualities embryonic stem cells have been proposed as a source of donor cells for tissue

transplantations (Thomson et al., 1995, 1998; Shamblott et al., 1998; Gearhart et al,

1999).



WO 01/21767 PCT/US00/26225

226

The current clonogenic study was undertaken to determine whether clonal populations

of pluripotent stem cells were present in the connective tissues of postnatal mammals

and to examine their functional capabilities. We previously reported (Young et al.,

2000a) the existence of a pluripotent mesenchymal stem cell (PPMSC) clonal

5 population, i.e., Clone-A2A2, isolated from connective tissues associated with

postnatal rat skeletal muscle. The PPMSC clonal line was lineage-uncommitted,

remained quiescent in serum-free media unless activated by exogenous agents, had

extended capabilities for self-renewal, was contact inhibited at confluence, and only

formed tissues from the mesodermal lineage, i.e., muscle, fat, cartilage, and bone. The

10 current study reports the existence of a second clonal population of pluripotent stem

cells derived from postnatal rat connective tissues. This clonal cell line is also lineage

uncommitted, will remain quiescent in serum-free media, expresses both alkaline

phosphatase and telomerase activity, has extended capabilities for self-renewal, and has

its own unique difFerentiative capabilities.

15

MATERIALS AND METHODS

Postnatal Rat Connective Tissue-Derived Stem Cells

The skeletal muscle from postnatal Sprague-Dawley rats was processed for the.

isolation of mononucleated cells, plating, propagation to confluence, trypsin.release,

20 and cryopreservation (Young et al., 2000a). Cells were repeatedly thawed and

expanded until 50 cell doublings had been reached (Young et al., 1991, 1993, 1998b;

Young, 2000). Individual clones were generated by serial dilution clonogenic analysis

(Young et al., 2000a). Each round of cloning resulted in approximately 20 cell

doublings. Thus, four clonings resulted in approximately 80 cell doublings in the

25 resultant clones The resultant clones were propagated, released with trypsin,

aliquoted, and cryopreserved (Young et al., 1993, 1998a, 2000a; Rogers et al., 1995).

The clone reported herein was designated as Rat-A2B2 and was extensively examined

for pluripotency after 130 cell doublings.

30 Insulin - Dexamethasone Analysis for DifFerentiative Capabilities

Rat-A2B2 was examined using serum-free medium and serum-free medium containing

insulin and dexamethasone to determine its identity as either a lineage-committed

progenitor stem cell or a lineage-uncommitted pluripotent stem cell. Progression

factors, such as insulin, insulin-like growth factor-I, and insulin-like growth factor-II,
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accelerate phenotypic expression in progenitor cells but have no effect on the induction

of phenotypic expression in pluripotent stem cells (Young et al., 1993, 1998b; Young,

2000). By contrast, lineage-induction agents, such as dexamethasone, bone

morphogenetic protein-2, and muscle morphogenetic protein, induce

5 lineage-commitment and expression in pluripotent cells, but do not alter phenotypic

expression in progenitor cells (Young et al., 1993, 1998a,b, 1999, 2000a; Young,

2000). Therefore, if progenitor cells alone are present in the culture there will be no

difference in the expressed phenotypes for cultures incubated in insulin compared with

those incubated with dexamethasone. If the culture is mixed, containing both

10 progenitor and pluripotent cells, then there will be a greater variation in the phenotypes

expressed in cultures treated with dexamethasone compared with those treated with

insulin. If the culture contains pluripotent cells alone, there will be no expressed

phenotypes in cultures treated with insulin. Similar cultures treated with

dexamethasone will exhibit the expression of multiple phenotypes. Thus, by comparing

15 the effects of treatment with dexamethasone and insulin, one can identify specific types

of progenitor and pluripotent cells within an unknown population of cells (Young et

al., 1992, 1995; Lucas et al., 1993, 1995; Pate et al., 1993; Rogers et al., 1995;

Warejcka et al., 1996).

20 The Rat-A2B2 clonal cell line was plated in complete medium (Young et al., 2000a),

allowed 24 hr to attach, transferred to serum-free testing medium for 24 hr to wash out

any potential synergistic components in the complete medium, and then the testing

medium was changed to one of the following. For controls, the serum-free testing

medium alone was used. To identify progenitor stem cells, 2 mg/ml insulin (Sigma, St.

25 Louis, MO) was added to the testing medium. To identify pluripotent stem cells,

10-10 to 10-6 M dexamethasone (Sigma) was added to the testing medium. To further

identify pluripotent stem cells, selected sera known to contain multiple inductive agents

(Young et al., 1998a,b) were added to testing medium containing 2 mg/ml insulin and

10-6 M dexamethasone. The selected sera used were HS9 (90H-0701, Sigma) and

30 HS10 (MorphoGen Pharmaceuticals, Inc., San Diego, CA). Control and treated

cultures were propagated for an additional 30-45 days with medium changes every

other day. Three to six culture wells were used per concentration per experiment.

During the 30-45 day time period the cultures were examined daily, using subjective

analysis of the morphology of the cells. The changes in morphology noted in this study
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were based on extensive examination from previous studies (Young et al., 1991,

1992a,b, 1993, 1995, 1998a,b, 1999, 2000a,b; Young, 2000). Alterations in

phenotypic expression (see below) were correlated with the days of treatment, and

concentrations of exogenous agents utilized.

5

The experiments were then repeated utilizing these parameters to confirm objectively

the presence of various established markers for phenotypic expression using previously

established histochemical and immunochemical procedures (review, Young et al.,

1 992b, 1998a,b, 1999, 2000a; Young, 2000). Cultures were processed per

10 manufacturer's directions or as described (Young et al., 1992b, 2000a). The cells were

photographed using a Nikon TMS inverted phase contrast/brightfield microscope.

i

Morphological, Histochemical, and Immunocytochemical Analyses

Our standard morphological bioassay (Young et al., 1998a,b, 1999, 2000a; Young,

15 2000) for mesodermal phenotypes was increased to include potential differentiated cell

types belonging to ectodermal and endodermal lineages. The cultures were screened

for the following morphologies throughout the assay.

Putative embryonic-like stem cells were tentatively identified by their relative small size

20 and their large nuclear to cytoplasmic ratio. Verification was accomplished utilizing

alkaline phosphatase (Vector Laboratory) histochemistry.

Putative neurons were tentatively identified as mononucleate cells with multiple fine

"spider}'" cell processes. Neuronal associated cell types v/ere verified by

25 immunochemical staining using antibodies specific for phenotypic markers of the

neuroectodermal lineage. These antibodies stained epitopes characteristic for neural

precursor cells [FORSE-1, DSHB (Tole et al., 1995a,b)], nestin [RAT-401, DSHB

(Hockfield and McKay, 1985)], neurofilaments [RT97, DSHB (Wood and Anderton,

1981)], neurons [8A2, DSHB (Drazba et al., 1991)], and oligodendrocytes [Rip,

30 DSHB ( )]. Epithelial associated cell types were verified by immunochemical staining

for epithelial growth factor receptor [151 -Ig, DSHB].
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Putative myoblasts were tentatively identified as mononucleated bipolar-shaped cells.

The myoblast phenotype was confirmed using an antibody for myogenin [F5D, DSHB

(Wright et al., 1991)].

5 Putative skeletal myotubes were tentatively identified as multinucleated linear and

branched cells. The skeletal muscle phenotype was verified by antibody staining for

sarcomeric myosin [MF-20, DSHB (Bader et al., 1982)], fast-skeletal muscle myosin

[MY-32, Sigma (Naumann and Pette, 1994)], myosin heavy chain [ALD-58, DSHB

(Shafiq et al., 1984)], and myosin fast chain [A4.74, DSHB (Webster et al., 1988)].

10 .

;

Putative smooth muscle cells were tentatively identified as mononucleated

polygonal-shaped cells with intracellular filaments. The smooth muscle phenotype was

confirmed by antibody staining for smooth muscle alpha-actin [1 A4, Sigma (Skalli et

al., 1986)].

15

Putative fat cells were tentatively identified as mononucleated cells with intracellular

refractile vesicles. Adipocytes were verified by the presence of saturated neutral

lipid-containing intracellular vesicles via histochemical staining with Sudan Black-B

(Chroma-Gesellschaft, Roboz Surgical Co, Washington, DC) and Oil Red-0 (Sigma)

20 (Young et al., 1998a,b, 1999, 2000a; Young, 2000).

Putative cartilage nodules were tentatively identified as aggregates of rounded cells

containing pericellular matrix halos. Cartilage nodules were confirmed by both

histochemical and immunochemical staining. Histochemically, cartilage nodules were

25 visualized by staining proteoglycans containing glycosaminoglycan side chains with

chondroitin sulfate and keratan sulfate in the pericellular and/or extracellular matrix.

This was accomplished using Alcian Blue (Alcian Blau 8GS, Chroma-Gesellschaft,

Roboz Surgical Co.) or Safranin-0 (Chroma-Gesellschaft) at pH 1.0. Verification of

glycosaminoglycans specific for cartilage located in the extracellular matrix was

30 confirmed by the loss of staining following digestion of the material with

chondroitinase-AC (ICN Biomedicals, Cleveland, OH) and keratanase (ICN

Biomedicals) (Young et al., 1989a,b, 1993, 1998a,b, 1999, 2000a; Young, 2000).

Immunochemically, the chondrogenic phenotype was confirmed by first intracellular
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followed by extracellular staining for antibodies to type-II collagen [CIIC1, DSHB

(Holmdahl et al., 1986)] and type-IX collagen [Dl-9, DSHB (Ye et al., 1991)].

Putative bone nodules were tentatively identified as aggregates of rounded cells

5 overlain with dense three-dimensional matrices. Bone nodules were confirmed by both

histochemical and immunochemical staining. Histochemically, osteogenic phenotypes

were verified by positive staining ofthe extracellular matrix for calcium phosphate

using the von Kossa (Silber Protein, Chroma-Gesellschaft) procedure. Verification of

the presence of calcium phosphate in the extracellular matrix was confirmed by the

10 disappearance of positive staining by the von Kossa procedure following pre-treatment

with EGTA (Ethyleneglycol-bis-[b-Aminoethyl ether] N, N, N', N'-tetraacetic acid,

Sigma), a specific calcium chelator (Young et al., 1998a,b, 1999, 2000a; Young,

2000). Immunocytqchemically, the osteogenic phenotype was confirmed by first

intracellular followed by extracellular staining for antibodies to bone sialoprotein

15 [WV1D1, DSHB (Kasugai et al., 1992)] and osteopontine [MP11 1, DSHB (Gorski et

al., 1990)].

Putative liver hepatocytes were tentatively identified as mononucleated cells with

intracellular vesicles containing non-refractile material. The hepatocytic phenotype

20 was verified by antibody staining for alpha-fetoprotein [RAFP, Chemicon (Mujoo et

al., 1983)].

Lastly, the cultures were also stained for rat-specific major histocompatibility

complex-I [RMHC-I, Chemicon (Rubin et al., 1984; Prabhala and Wira, 1995)] which

is characteristic of differentiated rat cells.

25

Secondary antibodies consisted of biotinylated anti-sheep IgG (Vector), biotinylated

anti-mouse IgG (Vector Laboratory, City, State), or contained within the Vecstatin

ABC Kit (Vector). The tertiary probe consisted of avidin-HRP contained within the

Vecstatin ABC Kit (Vector). The insoluble HRP substrates VP Substrate Kit for

30 Peroxidase (blue, Vector), DAB Substrate for Peroxidase (black, Vector), and AEC

Staining Kit (red, Sigma) were used to visualize antibody binding. Different colored

substrates were utilized to allow for multiple sequential staining of the same culture

wells.
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Antibodies

The following antibodies: FORSE-1 developed by P. Patterson, RAT-401 developed

by S. Hockfield, RT-97 developed by J. Wood, 8A2 developed by V. Lemmon, Rip

was developed by S. Hockfield, 151-Ig was developed by A. Hubbard, F5D developed

5 byW E. Wright, MF-20 developed by D. A. Fischman, ALD-58 was developed by

D.A. Fischman, A4.74 was developed by H.M. Blau, CIIC1 developed by R. Holmdahl

and K. Rubin, Dl-9 developed by X.-J. Ye and K. Terato, WV1D1 developed by M.

Solursh and A. Frazen, and MP1 1 1 developed byM Solursh and A. Frazen were

obtained from the Developmental Studies Hybridoma Bank developed under the

10 auspices oftheNICHD and maintained by The University of Iowa, Department of

Biological Sciences, Iowa City, IA 52242.

Capability for Extended Self-Renewal. Starting at 130 cell doublings, the Rat-A2B2

clone was thawed and plated at 100 x 103 cells per gelatinized T-25 flask. Cells were I

15 propagated to post confluence (7-8 days) and released with trypsin (Young et al.,

1999, 2000a). Cell numbers ranged from 5 to 6.5 x 106 cells per flask, or 5-6 cell

doublings per passage. Doubling time averaged 18-24 hr. Cells were aliquoted at

approximately 1-1 1 x 106 cells/ml and cryopreserved. The procedure of propagation

past confluence, release with trypsin, and cryopreservation was repeated through 12

20 additional passages, or 68 cell doublings after cloning. This coupled with the 130 cell

doubling starting number resulted in a clone of cells having undergone 198 cell

doublings. At each passage interval from 130 to 198 cell doublings, cell aliquots were

incubated with insulin and dexamethasone for 30-45 days and examined

morphologically, histochemically, and immunochemically.

25

Telomerase Assay. Rat-A2B2 at 198 cell doublings was assayed for telomerase

activity. Cells were thawed, plated at 100 x 103 cells per gelatinized T-75 flask, and

grown past confluence. Cells were harvested by trypsin release (Young et al., 1999)

and the ceils processed for telomerase activity as described by manufacturer in

30 Telomerase detection kit (Qiagen kit).

I

RESULTS
x

Differentiation Capabilities
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Rat-A2B2 clonal cell line was analyzed before and after incubation with insulin,

dexametbasone, and/or selected sera in both the original (130 cell doublings) and

expanded (130 to 198 cell doubling) comparison/contrast analysis systems.

Observation of cultures 24 hr after plating revealed very small cells, about 1/4 to 1/2

5 the cell size of the clone-A2A2 (PPMSC) cell line. These smaller cells displayed large

ratios of nucleus to cytoplasm. Incubation of the Rat-A2B2 clone in serum-free testing

medium for six weeks resulted in no appreciable increase in cell numbers and an

equivalent morphology to cells viewed 24 hr after plating. Incubation ofthe Rat-A2B2

clone in testing medium with insulin for 6 weeks resulted in multiple layers of

10 nondescript cells demonstrating loss of contact inhibition. The multiple cell layers

demonstrated positive staining for alkaline phosphatase activity (TABLE 14). In

contrast, incubation ofRat-A2B2 in testing medium with dexamethasone, testing

medium with dexamethasone + insulin, or testing medium with dexamethasone +

insulin + selected sera resulted in loss of alkaline phosphatase staining, but expression

15 of differentiated phehotypes. Cells exhibiting markers for ectodermal, mesodermal, and

endodermal lineages were observed. For example, cells displaying ectodermal lineage

markers were identified using antibodies for neural precursor cells, nestin,

neurofilaments, neurons, oligodendrocytes, and epithelial growth factor receptor.

Cells displaying mesodermal lineage markers were identified using, antibodies or

20 histochemical stains for myogenin, sarcomeric myosin, fast skeletal muscle myosin,

myosin heavy chain, myosin fast chain, and smooth muscle actin for the myogenic

lineages; saturated neutral lipids for adipocytes; type-II collagen, type-IX collagen, and

cartilage nodules containing sulfated proteoglycans for the chondrogenic lineage; and

bone sialoprotein, osteopontine, and bone nodules containing calcium phosphate for

25 the osteogenic lineage. Cells displaying an endodermal lineage marker were identified

using antibodies for liver hepatocytes. All treatments eliciting ectodermal,

mesodermal, and endodermal lineage cell types induced the rat-specific major

histocompatibility complex-I (RMHC-I) epitope identifying them as differentiated cells

(TABLE 1).

30

Extended Self-Renewal
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Rat-A2B2 was assayed at each of 12 passages post 130 cell doublings to determine

capability for extended self-renewal while maintaining their pluripotent state. After

each passage the Rat-A2B2 clone was processed as above in the

insulin/dexamethasone bioassay. Results were equivalent and indistinguishable at all

5 passage levels assayed.

Telomerase Activity

Rat-A2B2 was assayed at 198 cell doublings for the presence or absence oftelomerase

activity. As shown in Figure 2, telomerase activity was present at relatively high levels

10 in the stem cells at this 198 cell doubling number.

DISCUSSION

Postnatal Pluripotent Stem Cell .

1 5 Serial dilution clonogenic analysis of cells isolated from the connective tissues

associated with skeletal muscle of postnatal rats generated multiple clones. One of the

clones, designated Rat-A2B2, was examined in this study. Rat-A2B2 did not exhibit

alteration of its stellate morphology following long-term incubation with or without

insulin (TABLE 14). The lack of response toieither serum-free medium or insulin

20 suggested that the clone was not a lineage-committed progenitor stem cell (Young et

al., 1998a,b, 1999, 2000a; Young, 2000). In contrast, expression by these cells of

alkaline phosphatase activity suggested that these cells share some attributes with

embryonic stem cells (Thomas et al., 1998; Gearhart et al., 1999). Indeed, incubation

with dexamethasone with or without insulin and selected sera elicited alterations in

25 phenotypic expression (TABLE 14). These results suggested that the clone was some

form of lineage-uncommitted pluripotent stem cell. In contrast to the PPMSC

clone-A2A2 (Young et al., 2000a) which demonstrated only mesodermal differentiated

cell types, the phenotypic alterations noted with Rat-A2B2 were shown for all three

primary germ layers, i.e., ectoderm, mesoderm, and endoderm (TABLE 14).

30 Phenotypic alterations noted included the appearance of neural precursor cells, nestin,

neurofilaments, neurons, oligodendrocytes, epithelial growth factor receptor,

myoblasts, skeletal muscle, smooth muscle, fat cells, cartilage, bone, and liver

hepatocytes. ' All treatments eliciting ectodermal, mesodermal, and endodermal lineage

cell types also induced the rat-specific major histocompatibility coraplex-I (RMHC-I)
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epitope identifying differentiated cells (TABLE 14). When the clone was tested for

extended self-renewal we noted no deviation in its differentiation potential. Lastly, at

198 cell doublings Rat-A2B2 demonstrated telomerase activity.

5 Because of its expression of alkaline phosphatase activity, potential for extended

self-renewal, expression of telomerase activity, and potential to form differentiated

cells from all three primary germ layers, we have designated this postnatal rat clone,

Rat-A2B2, as a pluripotent epiblastic-like stem cell (PPELSC).

10 As discussed previously, embryonic stem cells demonstrate alkaline phosphatase

activity, the capacity for extended self-renewal, telomerase activity, spontaneous

differentiation, and the ability to differentiate into cells of ectodermal, mesodermal, and

endodermal origin (Thomson et al., 1995, 1998; Gearhart et al., 1999). Other aspects

of embryonic stem cells were not directly addressed in this study. These aspects

15 included immunological markers for embryonic stem cell antigens or formation of

spontaneous teratomas when implanted in vivo (Thomas et al., 1995, 1998; Gearhart et

al., 1999). However, data from this study (alkaline phosphatase. activity, extended

capabilities for self-renewal, telomerase activity, and ability to form cells from all three

primary germ layers) suggests the possibility that "embryonic" -like reserve stem cells,

20 i.e., pluripotent epiblastic-like stem cells, are retained within the connective tissue

compartments of postnatal mammals.

Reserve Stem Cells within Postnatal Species

25 Previous clonogenic analyses (Young et al., 1993, 1998a, 2000a) coupled with this

study suggest at least two general categories of reserve stem cells, lineage-committed

progenitor cells and lineage-uncommitted pluripotent cells. Within each general

category of reserve stem cell there also appear to be subcategories of stem cells. We

and others have noted the presence of multiple types of lineage-committed progenitor

30 stem cells, i.e., unipotent stem cells (Young et al., 1993; Grounds, 1999; Yotsuyanagi

et al., 1999; Gordon et al., 2000), bipotent stem cells (Young et al., 1993;

Bonner-Wier et al., 2000; Ramiya et al., 2000), tripotent stem cells (Prokop, 1997;

Yoo et al., 1998; Pittenger et al., 1999), and multipotent stem cells (Palis and Segel,

1998; McGuire, 1998; Ratajczak et al., 1998). In these instances the progenitor stem
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cells form specific lineage-directed cell types and conform to Hayflick's limit (Hayflick,

1965), after which they undergo programmed cell senescence and death. We have also

isolated and cloned lineage-uncommitted pluripotent mesenchymal stem cells (Young

et al., 1993, 1998a, 2000a; Young, 2000; Rogers et al., 1995) and

5 lineage-uncommitted pluripotent epiblastic-like stem cells (this study). These

pluripotent stem cells are lineage uncommitted. These cells have extended capabilities

for self-renewal as long as they remain lineage-uncommitted. The pluripotent stem

cells remain quiescent unless acted upon by exogenous agents. These stem cells require

inductive agents to commit them to any particular tissue lineage. The pluripotent stem

10 cells will form anything downstream along their developmental pathway. Once

pluripotent stem cells commit to a particular tissue lineage they will assume all the

characteristics of lineage-committed progenitor stem cells, i.e., form lineage-restrictecf

phenotypes and conform to Halfback's limit. Thus, this study suggests the retention of

. an embryonic-like reserve stem cell within postnatal mammals and their potential

15 involvement in the normal maintenance, repair and regeneration ofbody tissues.

Based on the current and previous studies (Young et al., 1991, 1992a,b, 1993, 1995,

1998a,b, 1999, 2000a,b; Young, 2000; Grigoriadis et al., 1988; Caplan et al., 1993;

Pate et al., 1993; Lucas et al., 1995, 1996; Rogers et al., 1995; Saito et al, 1995;

20 Dixon et al., 1996; Warejcka et al., 1996; Clark et al., 2000), we would propose that

there are at least ten categories of reserve stem cells present within postnatal animals,

including humans. The proposed categories are pluripotent epiblastic-like stem cells,

pluripotent ectodermal stem cells, pluripotent mesenchymal (mesodermal) stem cells,

pluripotent endodermal stem celts, pluripotent neuronal stem cells, pluripotent

25 epidermal stem cells, multipotent progenitor stem cells, tripotent progenitor stem cells,

bipotent progenitor stem cells, and unipotent progenitor stem cells. We would also

propose that one or more of these categories of reserve stem cells could and should be

used for transplantation therapies. Indeed, there have been numerous reports

concerning the use of reserve postnatal stem cells for transplantation therapies. For

30 example, Grande et al. (1995) reported the implantation of adult pluripotent

mesenchymal stem cells for the repair of cartilage and bone in a full thickness articular

cartilage defect model. Eglitis and Mezey reported that hematopoietic cells

differentiate into neuronal supportive cells in the brains of adult mice. Caplan et al.

(1997; Wakitani et al., 1994) reported use of bone marrow stromal-derived



WO 01/21767 PCT/US00/26225

236

mesenchymal stem cells for cartilage regeneration. Young et al. (RG Young et al.,

1998) reported the use ofbone marrow stromal-derived postnatal mesenchymal stem

cells embedded in a collagen matrix for Achilles tendon repair. Asahara et al. (1999;

Kalka et al., 2000) reported the use of endothelial progenitor cells for

5 neovascularization. Bjornson et al. (1999) reported using adult neural stem cells to

form blood cells. Bonner-Weir et al. (2000) and Ramiya et al. (2000) reported using

preductal stem cells to form pancreatic insulin-secreting beta cells. Grounds (1999)

reviewed the use of stem cells for muscle repair. Gussoni et al. (1999) reported the

restoration of dystrophin expression in mdx mice by stem cell transplantation. Jackson

10 and Goodell (1999) reported the hematopoietic potential of stem cells isolated from

skeletal muscle. Niklason (1999; et al., 1999) reported the generation of blood vessels

ex vivo using progenitor stem cells. Petersen et al. (1999) reported using bone marrow

stem cells as a source for hepatic oval cells. Yotsuyanagi et al. (1999) reported the

. reconstruction of cartilage using stem cells from the perichondrium. Gordon et al.

15 (2000) reported liver regeneration utilizing native resident stem cells.
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TABLE 14

Phenotypic Analysis ofRat-A2B2 Clone Incubated in the

5 Presence of Lineage-Inductive Agents

Antibody TM* TM+Ins** TM+Inductive Agents***

No Primary 0 0 0

No Secondary 0 0 0

Tertiary 0 0 0

F5D 0 0 +

MF-20 0 0 +

MY-32 0 0 +

ALD-58 0 . 0 +

A4.74 0 0 +

IA4 0 0 +

WV1D1 0 0 +

MP111 0 0 +

C11C1 0 0 +

D19 0 0 +

Forse-1 0 0 +

RT-97 0 0 +

8A2 0 0 +

Rat-401 0 0 +

Rip 0 0 +

151-Ig 0 0 +

R-AFP 0 0 +

R-MHC-1 0 0 +

ORO 0 0 +

30

*TM, testing medium, consisted of Opti-MEM + betamercaptoethanol + antibiotic/

antimycotic, pH 7.4.

**TM+Ins, testing medium + insulin, consisted of testing medium containing 2 mg/ml

35 insulin.

***TM+Inductive Agents, testing medium + inductive agents, consisted of testing

medium containing one of the following combinations: 2mg/ml insulin + 10-6M
dexamethasone + 0.5% HS9; 2mg/ml insulin + 10-6M dexamethasone + 1% HS9;

40 2mg/ml insulin + 10-6M dexamethasone + 5% HS9; 2mg/ml insulin + 10-6M
dexamethasone + 10% HS9; 2mg/ml insulin + 10-6M dexamethasone + 1% HS10;
2mg/ml insulin + 10-6M dexamethasone + 5% HS10; 2mg/ml insulin + 10-6M
dexamethasone + 10% HS10; 2mg/ml insulin + 10-6M dexamethasone + 1% MFCS1;
2mg/ml insulin + 10-6M dexamethasone + 5% MFCS!; 2mg/ml insulin + 10-6M

45 dexamethasone + 10% MFCS1; 2mg/ml insulin + 10-6M dexamethasone + 15%
MFCS1; 2mg/ml insulin + 10-6M dexamethasone + 1% HS9 + 3% HS7; 2mg/ml
insulin + 10-6M dexamethasone + 5% HS9 + 3% HS7; 2mg/ml insulin + 10-6M
dexamethasone + 10% HS9 + 3% HS7; 1% HS7, 3% HS7, and 3% HS7.

50
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EXAMPLE 12

IMPLANTATION OF RAT PLURIPOTENT EPTBLASTIC-LIKE STEM CELT.

CLONE A2R2-scl-4Q TNTO OUTBRED SPRAGUE-DAWLEY RATS DOES

NOT INDUCE

5 GRAFT VERSUS HOST DISEASE

Previous implantation studies using allogeneic donors demonstrate the induction of an

inflammatory response within the host tissues. This response, designated graft-versus-

host disease, occurs due to an HLA mismatch between donor and host tissues. The

10 objective of this study was to determine if a rat pluripotent epiblastic-like stem cell

clone, derived from postnatal out-bred Sprague-Dawley rats, would induce a

graft-versus-host response in adult out-bred Sprague-Dawley rats.

The postnatal pluripotent epiblastic-iike stem cell clone, designated A2B2-scl-40, was

15 previously transfected with a stable genomic marker, the Lac-Z gene for

beta-galactosidase expression, to track the stem cells both in vivo and in co-culture

experiments in vitro. The A2B2-scl-40 stem cells were grown to confluence, harvested

and processed for implantation. The stem cells were washed extensively with

Dulbecco's phosphate buffered saline and 100 ml of buffer containing 1 x 106 stem

20 cells (experimentals) or 1 00 ml buffer only (controls) were incubated with 5-mm3

pieces of sterile gel-foam for 24 hrs at 37oC in a 95% air/5% C02 humidified

environment.

Experimental gel-foam (containing genomically-labeled stem cells) and control

25 gel-foam (buffer only) were then randomly implanted into the right and left regions of

the neck (between parotid gland and sternocleidomastoid muscle) of adult male

out-bred Sprague-Dawley rats. Rats were then harvested 24 hrs after initial

implantation and then at weekly intervals for five weeks thereafter. The animals were

necropsied to ascertain for gross inflammatory response and the gel-foam implants

30 removed with adherent tissues, cut into thirds and processed for histology (2 thirds)

and cell culture (1 third). Necropsy results noted no gross inflammatory response in

any animal examined. Histology results noted no large infiltration ofinflammatory cells

into either control or experimental gel-foam pieces. Tissue culture results noted

ingrowth of pluripotent stem cells into the control gel-foam and retention of

i
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pluripotency by implanted Lac-Z-Iabeled stem cells in the experimental gel-foam

throughout the entire length of the study:

5 EXAMPLE 13

ISOLATION OF RAT PLTJRIPOTENT STEM CELLS AND

r.IJT.TirRE EXPRESSION OF NEURAL MARKERS

PPSCs were isolated from ROSA26 LacZ labeled mice (denoted ROSA26 PPSCs) and

10 from rat skeletal muscle (denoted RmSC-1) according to the same protocol used for

the isolation ofPPMSCs and cultured in the same media used for PPMSCs, including

the same selected horse serum (Lucas et al Wound Rep. Reg. 3:457-468). ROSA26

mice are transgenic mice expressing B-galactosidase and were obtained from Jackson

Laboratories. RraSC-1 cells were isolated from skeletal muscle ofmale and female

15 newborn rat pups as described in Lucas et al (Lucas et al Wound Rep. Reg.

3:457-468). In cultures ofROSA26 PPSCs and RmSC-1 PPSCs treated with

dexamethasone, mesodermal phenotypes differentiated in the cultures alongside the

neuronal cells - adipocytes, skeletal myotubes, chondrocytes, osteoblasts, etc. The

isolation procedure used for PPMSCs is also capable of isolating cells capable of

20 differentiating into nerves as well as mesodermal phenotypes.

The ROSA26 PPSCs and RmSC-1 PPSCs were cultured in induction dexamethasone

conditions, were co-cultured with astrocytes, and were cultured with conditioned

medium from astrocytes and the resultant cells evaluated for neuronal phenotypes by

25 antibody staining. Cells were plated in 24 well culture dishes and evaluated by

antibody staining using methods and materials described above. X-gal was utilized to

stain ROSA B-galactosidase expressing cells. Neuronal antibody markers were GFAP

(astrocyte), CNPase (neuronal marker for nerve), IA4, and RT-97 (neural filament),

obtained from DHSB and further characterized in the above Examples (Example 9 and

30 10). The neuronal antibodies were used as primary antibodies, goat ant-mouse labeled

with HRP was used as secondary antibody. The color reagent for the immunostaining

was TrueBlue (KPL, Inc.) which is a chromagen for HRP.
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ROSA26 PPSCs were co-cultured with rat astrocytes for 21 days and stained with

antibodies against X-gal (which recognizes the product of the LacZ gene and therefore

recognizes ROSA cells) and neuronal marker GFAP. FIGURE 3 5 shows the

co-culture ofROSA26 PPSCs and rat astrocytes for 21 days stained with X-gal and

5 GFAP. Cells were found that stained only with X-gal and that double stained for both

the Xgal and GFAP. Black arrows point to double-stained cells and white arrows to

ROSA PPSCs not stained for GFAP. FIGURE 36 shows the co-culture ofROSA26

PPSCs and rat astrocytes for 21 days stained with X-gal and GFAP. Astrocytes

stained stained only with GFAP are noted (white arrows) and also ROSA-derived cells

10 double-stained for X-gal and GFAP (black arrows). Co-culture ofROSA26 PPSCs

and rat astrocytes for 21 days stained with X-gal and GFAP is also shown in FIGURE

37. White arrows point to ROSA26 PPSCs single stained for X-gal (undifferentiated)

while black arrows point to ROSA cells double stained for X-gal and GFAP

(differentiated).

15

PPSCs isolated from rat skeletal muscle (RmSC-1) were treated with 10-7 M
dexamethasone for 21 days to induce differentiation and then stained with various

neuronal-specific antibodies. FIGURE 38 depicts PPSCs isolated from rat skeletal

muscle (RmSC-1) treated with 10-7M dexamethasone for 21 days and then stained

20 with anti-CNPase, with cells positive for CNPase. anti-CNPase shown by black

arrows. Dexamethasone treated RmSC-1 cells stained with antibody to IA4 are shown

in FIGURE 39.

FIGURE 40 shows RmSC-1 cells treated with conditioned medium from rat astrocytes

25 for 21 days and stained with antibody RT-97. A positive staining cell is noted by an

arrow. Cells positive for CNPase and GFAP were also observed on staining after

growth ofRmSC-1 cells in conditioned medium from rat astrocytes for 21 days.

30 EXAMPLE 14

MULTIPLE STEM CELL POPULATIONS ISOLATED FROM ADULT HTIMAN

Stem cells were isolated from the dermis of a 17-year old female, designated C3TF

cells, using the protocol described above and provided by Young et al (Young, H.E. et
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al (1991) Journal of Tissue Culture Methods 13:275-284; Young, H.E. et al (1992a)

Journal of Tissue Culture Methods 14:85-92). The C3TF cells have been karyotyped

and proved to be a 46, XX normal female (FIGURE 41). This karyotype was

performed when the C3tF cells were at 37 cell doublings. After 37 cell doublings, the

5 CT3F cells were divided in half and placed in two different culture conditions - one in

the presence of 10% selected serum HS10, the second in the presence of 15% selected

serum MFCS 1 . Two populations of stem cells, pluripotent mesenchymal stem cells

and pluripotent embryonic-like stem cells, designated PPMSCs and PPELSCs were

isolated in these serum conditions respectively. The PPMSC cells have the capacity to

10 form any and all mesenchymal cell types. The PPELSC cells have the capacity to form

cell types in the mesodermal, ectodermal and endodermal lineage. CD marker flow

analysis was performed on those two populations of cells. The population, designated

PPMSCs, was at 72 cell doublings, while the population, designated PPELSC, was at

70 cell doublings when the CD marker analysis was performed. In the analysis, 58 CD

15 markers were utilized.

The PPELSCs were negative for all 58 CD marker antibodies tested, specifically:

CDla, CD2, CD3, CD4.CD5, CD7, CD8, CD9, CDlO.CDllb, CDllc, CD13, CD14,

CD15, CD16, CD18, CD19, CD20,CD22, CD23, CD24, CD25, CD31, CD33, CD34,

20 CD36, CD38, CD41, CD42b, CD44, CD45, CD49d, CD55, CD56, CD57, CD59,

CD61,CD62E, CD65, CD66e, CD68, CD69, CD71,CD79,CD83, CD90, CD95,

CD105, CD117,CD123, CD166, Glycophorin-A, DRII,Class-I, FLT3, FMC-7,

Annexin, and LIN. The PPELSCs showed no positive staining for any CD marker

tested.

25

The PPMSCs demonstrated positive staining for CD markers CD10, CD13, CD34,

CD56, CD90 and MHC Class-1. This result correlates with the CD marker studies

presented on PPMSCs above in Examples 7 and 8. The PPMSCs were negative or 52

antibodies: CDla, CD2, CD3, CD4, CD5, CD7, CD8, CD9, CD1 lb, CD1 lc, CD14,

30 CD15, CD16, CD18, CD19, CD20, CD22,CD23, CD24, CD25, CD31, CD33, CD36,

CD38, CD41, CD42b, CD44, CD45, CD49d, CD55, CD57, CD59, CD61, CD62E,

CD65, CD66e, CD68, CD69, CD71, CD79, CD83, CD95, CD105, CD1 17,CD123,

CD166, Glycophorin-A DRII, FLT3, FMC-7, Annexin, and LIN.
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Additional populations of adult reserve stem cells, based on unique CD marker

profiles, were isolated from the C3TF cells. These populations were tested for the

same 58 CD markers noted above. The first population is positive for CDla, CD10,

CD41, CD66e and Annexin, and negative for all other markers. CD66e is an

5 embryonic antigen marker. The second population is positive for CDla, CD 10, CD22

and Annexin and negative for all others. The third population is positive for CD 10 and

CD22 and negative for all other markers. These results indicate the presence of

additional stem cell populations with possibly distinct proliferative and differentiative

capacities.

10

EXAMPLE 15

HEMATOPOIETIC RECONST1TUTION BY HUMAN

PLURIPOTENT STEM CELLS IN VIVO IN NOD/SCID MICE

15

SUMMARY OF PROTOCOL

The purpose of this study is to determine the feasibility of using naive postnatal

pluripotent stem cells or postnatal pluripotent stem cell-induced hematopoietic stem

cells for human stem cell therapy. Postnatal human pluripotent stem cells, derived

20 from a 67 year old male and a 17 year old female, are co-transplanted individually as

naive and hematopoietic-induced stem cells, with murine hematopoietic stem cells into

sublethally irradiated immune-deficient NOD/SCID. Human specific CD45 antigen

expression on cells in mouse blood and bone marrow will be used to identify

incorporation of the human cells into the mice. CD-marker profiles for B-cells,

25 granulocytes, megakaryocytes, and erythrocytes are used to identify hematopoietic

repopulating activity of the human stem cells. Identification of human cells expressing

human specific CD45 antigen mixed with mouse cells serves as a positive endpoint and

indicates that the human stem cells have incorporated into the mice. Identification of

human cells expressing human hematopoietic CD markers of both myeloid and

30 lymphoid lineages serves as a positive endpoint and indicates that the human stem cells

are regenerating the hematopoietic system.

DETAILED PROTOCOL
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All animals used are immune-deficient NOD/SCID pretested for evidence ofT cell

leakiness. (n = 6 for each group) The animals are grouped and treated as indicated

below in TABLE 15.

5 TABLE 15

Grp# Treatment Assay

1 Sublethally irradiated mice, infused with naive 67-yo PPSCs l,2a,2b,2c

2 Sublethally irradiated mice, infused with naive 17-yo PPSCs l,2a,2b,2c

3 Sublethally irradiated mice, infused with hemato-67-yo PPSCs l,2a,2b,2c

10 4 Sublethally irradiated mice, infused with hemato- 17-yo PPSCs l,2a,2b,2c

5 Sublethally irradiated mice, non-treated = controls l,2a,2b

6 Non-irradiated, non-treated = controls l,2a,2b

15

Assay Parameters for human cell engraftment:

blood (1) and bone marrow (2a,b,c) from transplanted and control mice are analyzed at

8 (3-mice) and 12 weeks (3 mice) post-infusion. Cells (1,2a) are stained for the human

hematopoietic CD markers with multiparameter flow cytometric analysis using the

20 FACScan. The CD-marker profiles for B-cells, granulocytes, and erythrocytes will be

used to identify incorporation ofthe human cells in mouse tissue. In each experiment,

cells from non-transplanted mice are stained with the same antibodies as a negative

control. Identification of human cells expressing hematopoietic markers mixed with

mouse cells serves as a positive endpoint and indicates that the human stem cells are

25 regenerating the hematopoietic system in both myeloid and lymphoid compartments.

Bone marrow (2b) from all mice is stained for human specific MHC-I and HLA-DR-II

antigens by immunocytochemistry. Identification of human cells mixed with mouse

cells serves as a positive endpoint and indicates that the human stem cells have

30 incorporated into the mice and are regenerating the hematopoietic system.

Further analysis of incorporation of human cells into mouse bone marrow involves

stimulating isolated bone marrow cells with human growth factors known to stimulate

colony formation ofhuman hematopoietic cells. Thus, bone marrow cells from

35 transplanted mice (2c) are plated in methylcellulose cultures and the cultures

stimulated with human plasma and hu-IL-3 (10 U/ml), hu-GM-CSF (1 U/ml), hu-SCF
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(50 ng/ml), and hu-EPO (2 U/ml). Morphological criteria and histological staining are

used to identify human colonies derived from colony-forming

unit-granulocyte-macrophage (CFU-GM), burst-forming unit erythroid (BFU-E), and

colony-forming unit granulocyte-erythroid-megakaryocyte-macrophage (CFU-GEMM)

5 progenitors. The specificity of the assay is confirmed by using PCR to amplify human

dystrophin RNA in individual colonies.

RESULTS

NOD/SCK) mice were sublethally irradiated (300 cGy) and injected via tail vein with

10 CT3F PPELSC cells at 4.8 x 10 (Mo #1-3) or 1.2 x 10
6 (Mo #4-6) per mouse. At

higher cells concentrations, mice did not survive. On a recent experiment, we included

20U/ml heparin in the injection solution (IMDM with 0.2% BSA, and 20 U/ml heparin)

and were able to inject 3 x 10
6
per mouse (n=l).

15 At 8 weeks post-transplant, six mice were sacrificed, and bone marrow, spleen, and

peripheral blood analyzed for human cells with.the following markers: Class I, CD45,

CD34, CD38, CD 19, CD3, CD 11 7. All markers were negative except for Class I in

the bone marrow. Approximately 0.5% of the bone marrow contained human Class I

positive cells. In the spleen and peripheral blood, no human cells were detected using

20 the markers listed above.

EXAMPLE 16

RAT STEM CELLS RETAIN PLUPJPOTENCY AFTER GENOMIC LABRLTNO

25 AND RETROVIRAL GENE TRANSFER

ABSTRACT

Post-natal rat skeletal muscle was harvested and mesenchymal stem cells isolated.

30 Clonogenic analysis revealed that pluripotent stem cells do indeed exist in post-natal

mammals and that they retain their ability to form at least four mesodermal lineage

tissues (e.g., skeletal muscle, fat, cartilage, and bone) after cloning. Clones were then

examined for retention of pluripotency after genomic labeling and extended self-
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renewal. This ability was retained after genomic labeling with p-galactosidase and after

extended self-renewal, i.e., 200+ cell doublings post-cloning. The existence of

pluripotent stem cells within connective tissue matrices and their retention of

pluripotency after cloning, gene transfection, and extended self-renewal suggest that

5 these stem cells may be important contributors to gene therapy and/or the repair and

regeneration of tissues in post-natal animals.

MATERIALS AND METHODS

10 Genomic Labeling

Clone (Rat-A2B2) (described above in Example 1 1) was grown in Modified Eagle's

media (MEM) (GIBCO-BRL, Life Technologies, Cergy Pontoise, France), with 10 %
horse serum (GIBCO-BRL), 5 mM Hepes (GIBCO-BRL), 50U/ml penicillin - 50

mg/ml streptomycin (GIBCO-BRL) and 50U/ml recombinant human anti-

15 differentiation factor factor (ADF, Morphogen Pharmaceuticals, Inc., NY). A stable

Rat-A2B2 cell line expressing nuclear targeted LacZ gene (nls-LacZ) was constructed

using the plasmid pUT651 (selectable reported gene Sh ble::lacZ). Cells were plated at

5 x 103 cells/cm2 on six-well plastic dishes (Falcon) (Becton Dickinson, Le pont-de

claix, France) in serum-containing medium and allowed to attach overnight. The cells

20 were then incubated overnight with 2 mg ofpUT65 1 using lipofectin reagent (Gibco-

BRL) during 1 6 hr in serum free medium (Opti-mem, GIBCO-BRL). Transfected cells

were split 1:10 into the selection medium supplemented with 250 mg zeocin

(Invitrogen, Netherlands). One clone among twelve resistant clones expressing the

highest level of p-Gal was subcloned and used. P-Gal expression was evaluated by

25 histochemical and immunochemical techniques. After fixation in 2% paraformaldehyde

for 10 mih at room temperature or fixation in ice cold methanol for 5 min, rinsed in

PBS, LacZ expression was evaluated in the cells by histochemical staining with the

chromogenic substrate X-Gal and by immunostaining with the polyclonal (Chemicon,

Temecula, CA) anti-P-Gal antibody (Couffinhal et al., 1997). Antibody binding was

30 visualized using the Vector-HRP-DAB expression system (Vector Labs) with

biotintylated anti-mouse IgG preadsorbed to rat immunoglobulins (Vector).

Insulin - Dexamethasone Analysis for Phenotypic Expression
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Cryopreserved clones were thawed and plated in MSC-1 medium at 5, 10, or 20 x 10
3

cells per well of gelatinized 24-welI plates following standard protocol. Twenty-four

hours after initial plating the medium was changed to testing medium (TM) 1 to 4

(TM-1, TM-2, TM-3, TM-4) or 5 (TM-5). Testing medium (TM) contained ratios of

5 Ultraculture: EMEM: antibiotics which maintained both avian progenitor and

pluripotent cells in "steady-state" conditions for a minimum of 30 days in culture, and

as long as 120 days in culture. Four testing media (TM#'s 1-4), each containing

various concentrations of Ultraculture, were used. The ratios of Ultraculture to

.EMEM to antibiotics present in each testing medium was determined empirically for

10 each lot of Ultraculture, based on its ability to maintain steady-state culture conditions

in both populations of avian progenitor and pluripotent cells. The four Ultraculture-

based testing media were: TM# 1 = 15% (v/v) Ultraculture (Lot no. OM0455): 84%~

(v/v) EMEM: 1% (v/v) antibiotics; TM# 2 = 15% (v/v) Ultraculture (Lot no.

1M1724): 84% (v/v) EMEM: 1% (v/v) antibiotics; TM# 3 = 50% (v/v) Ultraculture.

15 (Lot no. 2M0420): 49% (v/v) EMEM: 1% (v/v) antibiotics; and TM# 4 = 75% (v/v)

Ultraculture (Lot no. 2M0274): 24% (v/v) EMEM: 1% (v/v) antibiotics. TM-1 to TM-

4 consisted of Ultraculture (cat. no. 12-725B, lot. nos. OM0455 [TM-1], 1M1724

[TM-2], 2M0420 [TM-3], or 2M0274 [TM-4], Bio-Whittaker, Walkersville; MD),

EMEM 1

, and 1% (v/v) Pen/Strep, pH 7.4. TM-5 consisted of 98% (v/v) EMEM, 1%

20 (v/v) HS, and 1% (v/v) Pen/Strep, pH 7.4.

Pre-incubation for 24 hr in testing medium only was used to wash out any potential

synergistic components in the MSC-1 medium. Twenty-four hours later the testing

medium was changed to testing medium only (Controls) or testing medium (TM-1 to

25 TM-5) containing either 2 ng/ml insulin (Sigma), an agent that accelerates the

appearance of phenotypic expression markers in progenitor cells (Young et aj., 1998a),

to identify clones of progenitor cells, or 10' 10
to 10"6 M dexamethasone (Sigma), a

general non-specific lineage-inductive agent (Grigoriadis si at, 19.88; Young §1 aj.,

1993, 1998a) to identify clones of pluripotent cells. Control and treated cultures were

30 propagated for an additional 30-45 days with medium changes every other day. Four

culture wells were used per concentration per experiment. During the 30-45 day time

period the cultures were examined (subjectively) on a daily basis for alterations in

phenotypic expression (see below), days of treatment, and associated insulin or
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dexamethasone concentrations. The experiment was then repeated utilizing these

parameters to (objectively) confirm the phenotypic expression markers using

established immunochemical and histochemical procedures (Young el aj., 1992b, 1993,

1995, 1998a,b; Rogers g£ al., 1995) and the results photographed using a Nikon TMS

5 inverted phase contrast/brightfield microscope.

Cultures that displayed multinucleated linear and branched structures that

spontaneously contracted were further evaluated using a myosin-enzyme linked

immuno-culture assay (myosin-ELICA) to verify the presence of sarcomeric myosin

10 within putative skeletal muscle cells (Bader el al., 1982; Young et a]., 1992a,b, 1993,
V

1995). Cultures that exhibited multiple refractile vesicles were further evaluated using

Sudan black-B (Roboz Surgical Co., Washington, D.C.) staining to verify the presence

of saturated neutral lipids within putative adipocytes (Young el al., 1992a, 1993,

1995). Cultures that displayed aggregates of rounded cells containing pericellular

15 matrix halos were further evaluated using Alcian Blue (Alcian Blau 8GS, Chroma-

Gesellschaft, Roboz Surgical Co.) at pH 1.0 coupled with chondroitinase-AC (ICN

Biomedicals, Cleveland, OH)/keratanase (ICN Biomedicals) digestions to verify the

presence of pericellular- and/or extracellular matrix-located chondroitin sulfate/keratan

sulfate glycosaminoglycans surrounding putative chondrocytes (Young et a]., 1989,

20 1992a, 1993, 1995). Cultures that exhibited cells embedded within and/or overlain with

a three-dimensional matrix were further evaluated using von Kossa (Silber Protein,

Chroma-Gesellschaft) staining coupled with EGTA (Ethyleneglycol-bis-[P-Aminoethyl

ether] N, N, N', N'-tetraacetic acid, Sigma) pre-treatment to verify the presence of

calcium phosphate within the putative mineralized bone spicule (Young et a]., 1992a,

25 1993, 1995). Cultures displaying confluent layer(s) of cells embedded within either a

granular or fibrillar extracellular matrix were further evaluated using Alcian Blue pH

1 .0 staining coupled with chondroitinase-ABC (ICN Biomedicals) digestion to verify

the presence of extracellular chondroitin sulfate/dermatan sulfate glycosaminoglycans

surrounding putative fibroblasts (Young £t aj., 1989, 1992a, 1993, 1995).

30

RESULTS

The clone designated "RAT-A2B2" (described in Example 1 1) was evaluated after

genomic labeling by p-galactosidase retroviral transfection. Throughout all evaluations
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the A2B2 cells demonstrated no change in phenotypic expression during incubation

with insulin. However, A2B2 cells exhibited multiple morphologies when incubated

with a concentration range of dexamethasone after genomic labeling. The changes in

phenotypic expression noted were those ofmyogenic, adipogenic, chondrogenic, and

5 osteogenic morphologies. The A2B2 cells were specifically selected during clonogenic

analysis for retention of stellate morphology and loss of contact inhibition. RAT-A2B2

has lost contact inhibition at confluence. But, once induced to commit to a particular

lineage, i.e., to become lineage-specific progenitor cells, RAT-A2B2 assume contact

inhibition at confluence.

10

DISCUSSION

Every year millions of Americans suffer tissue loss or end-stage organ failure. The total

national health care costs for these patients exceed 400 billion dollars per year.

Currently over 8 million surgical procedures are performed annually in the United

15 States to treat these disorders and 40 to 90 million hospital days are required.

Although allogeneic therapies have saved and improved countless lives, they remain

imperfect solutions. Allogeneic tissue transplantation and surgical intervention are

severely limited by critical donor shortages, long term morbidity and mortality (Langer

and Vacanti, 1993). The long terra objectives of this research are to determine the

20 utility of autologous pluripotent stem cells for use as HLA-matched donor tissue for

regeneration and repair and as potential delivery vehicles for gene therapies. For

pluripotent stem cells to be utilized as autologous donor tissue necessitates their

existence within the organism, ease of isolation, ability to manipulate their phenotypic

expression, adaptability, incorporation into existing tissue, survivability, and

25 functionality.

Studies in this report have shown that pluripotent stem cells, particularly Rat A2B2

(described in more detail in Example 1 1 above) can be retrovirally transfected without

loss of pluripotency while retaining the activity of the transfected gene. From these

30 studies we would propose the following hypothesis, that autologous pluripotent stem

cells could be used as HLA-matched donor tissue for tissue transplantation,

regeneration, and gene therapies, especially in instances where large numbers of cells

are needed and transplant tissues are in short supply.
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EXAMPLE 17

RETROVIRAL MEDIATED GENE TRANSFER TO

PLURIPOTENT STEM CELLS

5

Purpose of Study

1) To use retroviral vectors to deliver genes to PPSC and test the ability of infected

PPSC to maintain their pluripotency. 2) To compare the ability of control and myoD

expressing PPSC to disperse upon transplantation into atrophied muscle and fuse with

10 myofibers

Summary of Study

One long term goal is to use cellular and/or pharmacologic methods to enhance the

growth of postnatal skeletal muscle. PPSC represent one potential strategy for the

15 treatment of atrophied skeletal muscle that occurs in neuromuscular disease, disuse,

spaceflight, prolonged bed rest and aging. In an effort to achieve the goal of growth of

postnatal skeletal muscle, retroviruses have been utilized to deliver genes to cells in

four different ways: 1) to deliver markers such as b-galactosidase to track myogenic

cells after transplantation; 2) to deliver reporter constructs to study the involvement of

20 specific signaling pathways in cell physiology; 3) to overexpress transcription factors;

4) to deliver genetic inhibitors of specific signaling pathways. In order eventually to

use PPSC as cellular therapy for muscle wasting, it is necessary to first stably introduce

marker genes into the PPSC and determine that the pluripotency ofthe cells is

maintained. In addition, it is necessary to determine the behavior of transplanted PPSC

25 within normal and atrophied skeletal muscles. MyoD is a muscle-specific transcription

factor that can induce non-muscle cells to become myogenic as well as induce

myogenesis in stem cells. We will test the ability of forced expression ofmyoD to

increase the efficiency ofPPSC recruitment and incorporation into atrophied

myofibers.

30

Animals

Immunodeficient scid/bg mice will be used as recipients for PPSC transplantation.

Scid/bg mice lack functional T and B cells and have low natural killer activity. The
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scic^g mice show a more stable SCED phenotype and are, in general, better recipients

for allograft transplantation.

5 Detailed Protocol

I. Determine the efficiency of retroviral mediated gene transfer of the lac Z gene to

PPMSC (pluripotent mesenchymal stem cells) and PPELSC (pluripotent embryonic-

like stem cells).

a) Retrovirally infect the two kinds of stem cells using established techniques.

10 b) 48 hrs after infection, perform enzymatic assay for b-galactosidase expression in

single cells. Infected cells will be blue.

c) Score % of blue cells.

d) Ifpercentage of blue cells is low, repeat retroviral infection protocol but use 2

rounds of infection 6-8 hrs apart.

15 e) Repeat b-c.

f) Repeat experiment two times using the protocol that gives the highest percentage of

blue cells to determine reproducibility ofthe method.

II. Test ability of the two kinds of retrovirally infected SC to maintain pluripotency

20 after infection

a) Infect cells with the protocol that gives the highest percentage of blue cells.

b) 24 hrs after infection, trypsinize cells and plate cells in 96 well plates for use in

ELICA assays. Uninfected cells are also set up in 96 well plates as controls. Also set

up cells in 12 well plates to observe morphology of cells.

25 c) 48 hrs after infection, change media to inductive media.

d) 2-6 weeks after infection, test induction of specific cellular phenotypes ( ± retroviral

infection) in 96 well plates using dexamethasone methods earlier described.

e) Perform b-galactosidase enzymatic assay on 12 well plates and observe whether

morphologic signs of phenotype induction occur in blue cells.

30 f) Compare induction of specific phenotypes in control vs. retrovirally infected cells.

III. Compare behavior of control and myoD expressing PPMSC and PPELSC

transplanted into control and atrophied skeletal muscles.
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a) Two weeks prior to transplantation perform unilateral transection of the sciatic

nerve in scid/bg mice in order to induce denervation atrophy of the tibialis anterior

muscle.

b) Infect PPSC with either control or myoD expressing retroviruses. 48 hrs after

5 infection test for myoD expression using immunohistochemistry in parallel plates.

c) Transplant cells into each tibialis anterior as follows in TABLE 16:

Group # Treatment (Left leg^

10 1 (n=8) Control

2 (n=8) Control

3 (n=8) Control

4 (n=8) Control

TABLE 16

Treatment fRight leel

Denervation atrophy

Denervation atrophy

Denervation atrophy

Denervation atrophy

Cell Type

Control PPMSC
MyoD PPMSC
ControlPPELSC
MyoD PPELSC

15 d) Six weeks after transplantation collected transplanted muscles, serially section and

perform enzymatic assay for b-galactosidase on muscle sections.

1) Score number of blue nuclei inside of myofibers. These represent PPSC that

have converted to the myogenic lineage and have fused with endogenous myofibers of

the host.

20 2) Compare distribution of blue nuclei relative to the injection site.

3) Compare the ability of control and myoD expressing PPMSC vs. control and

myoD expressing PPELSC to convert to the myogenic lineage and fuse with

myofibers.

4) Analyze the data obtained in 3) above as a function of atrophied vs. normal

25 muscle.

Defined Endpoints:

The endpoint is the ability of pluripotent stem cells retrovirally infected with a marker

gene to maintain their pluripotency and upon transplantation disperse over a broad area

30 of the muscle and fuse with high efficiency with endogenous myofibers of the host.

Success will be determined by the ability to infect PPMSC and PPELSC to high

efficiency with the lacZ gene and have them maintain their pluripotency. The

transplantation experiments are deemed successful if the implanted cells disperse

throughout the width and length of the muscle and fuse with high efficiency to

35 atrophied myofibers.
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EXAMPLE 18

SIGNAL PROCESSES INVOLVED IN ENDOTHELIAL

5 CELL DIFFERENTIATION

ROSA26 PPSC cells and rat A2B2 cells tranfected with B-gal (described above in

Example 16) were utilized to assess their hematopoiertic-endbthelial cell capacity and

the signal processes involved with endothelial cell differentiation from a common

10 hematopoietic-endothelial precursor cell.

A2B2 B-gal PPSCs were grown in 1% selected HS10 serum in the presence ofvarious

growth factors and their in vitro commitment induction to endothelial cell lineage

assessed. The cells were grown in 1% HS10 alone, 1% HS10 plus a cocktail of

1 5 growth factors VEGF, bFGF, EGF and IGF- 1 ; 1% HS 1 0 plus bFGF (50ng/ml), 1%
HS10 plus VEGF (50 ng/ml), 1% HS10 plus T-cell stimulating conditioned medium,

and 1% HS10 plus bFGF for two days after which VEGF was added. The culture

dishes were coated with either gelatin, collagen type IV, rat vitronectin and gelatin

combined with rat vitronectin. The most differentiation was observed on rat

20 vitronectin coated dishes. The thus grown cells were evaluated by: morphological

assessment; bioactivity in an MTS assay; Matrigel assay which detects tube formation

(capillary formation) after reseeding cells on Matrigel, (Matrigel, available from R&D

Systems, is a basement membrane product for coating culture/growth dishes containing

basement membrane components Type IV collagen, laminin, entactin, nidogen and

25 heparin sulfate proteoglycan); and immunostaining with various endothelial cell antigen

markers (CD3 1 (pecam), BS-B (BS-B4 isoform lectin stain), SM a-actin (smooth

muscle pericyte marker).

PPSCs showed enhanced staining for endothelial cell markers CD31, BS-B abd SM

30 actin in the presence of the combined growth factors VEGF, bFGF, EGF and IGF- 1

,

and in the presence ofbFGF or VEGF.
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In the Matrigel assay, PPSCs seeded on Matrigel developed tube formation and

capillary like structures (FIGURE 42), particularly in the presence of growth factors

(FIGURE 43).

5 A2B2 B-gal PPSCs were administered and tested in vivo in an hindlimb ischemic

model in rat SCID animals. The femoral artery was tied off to generate the ischemia

model. PPSC cells were administered by intravenous (IV) in the rat tail vein or

intramuscular (IM) locally to hindlimb prior to or after the hindlimb ischemia was

generated. Histology was performed 1 week post injection ofPPSCs to assess the

10 presence and nature of B-gal labeled cells. PPSCs (B-gal positive cells) were

incorporated into the hindlimb at the ischemic site when administered EM or IV. On

gross anatomy review these cells appeared to track to the vasculature in the hindlimb,

showing a parrallel line pattern ofB-gal expression. In addition, on IV injection into

an ischemic animal, significant incorporation of B-gal positive cells was observed in the

1 5 bone marrow (FIGURE 44).

This invention may be embodied in other forms or carried out in other ways without

departing from the spirit or essential characteristics thereof. The present disclosure is

therefore to be considered as in all aspects illustrate and not restrictive, the scope of

20 the invention being indicated by the appended Claims, and all changes which come

within the meaning and range of equivalency are intended to be embraced therein.
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WHAT IS CLAIMED IS :

1 1 . A pluripotent embryonic-like stem cell, derived from non-embryonic or postnatal

2 animal cells or tissue, capable of self-renewal and capable of differentiation to cells of

3 endodermal, ectodermal and mesodermal lineages.

1 2. The stem cell of Claim 1 which is a human cell.

13. The stem cell of Claim 1 which is isolated from the non-embryonic tissue selected

2 from the group of muscle, dermis, fat, tendon, ligament, perichondrium, periosteum,

3 heart, aorta, endocardium, myocardium, epicardium, large arteries and veins,

4 granulation tissue, peripheral nerves, peripheral ganglia, spinal cord, dura,

5 leptomeninges, trachea, esophagus, marrow, stomach, small intestine, large intestine,

6 liver, spleen, pancreas, parietal peritoneum, visceral peritoneum, parietal pleura,

7 visceral pleura, urinary bladder, gall bladder, kidney, associated connective tissues or

8 bone marrow.

1 4. A pluripotent endodermal stem cell derived from the stem cell of Claim 1

.

1 5. A pluripotent mesenchymal stem cell derived from the stem cell of Claim 1

.

1 6. A pluripotent ectodermal stem cell derived from the stem cell of Claim 1

.

1 7. A endodermal, ectodermal or mesodermal lineage-committed cell derived from the

2 stem cell of Claim 1

.

1 8. A culture comprising:

2 (a) Pluripotent embryonic-like stem cells, derived from postnatal anima! cells or

3 tissue, capable of self-renewal and capable of differentiation to cells of endodermal,

4 ectodermal and mesodermal lineages; and

5 (b) a medium capable of supporting the proliferation of said stem cells.
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1 9. The culture of Claim 8, further comprising a proliferation factor or lineage

2 commitment factor.

1 10. The culture of Claim 8 wherein said stem cells are human cells.

1 11. A method of isolating an pluripotent embryonic-like stem cell, comprising the

2 steps of:

3 (a) obtaining cells from a postnatal animal source;

4 (b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl sulfoxide

5 until a final temperature of -80° C is reached; and

6 (c) culturing the cells.

1 12. A method of isolating a clonal pluripotent embryonic-like stem cell line,

2 comprising the steps of:

3 (a) obtaining cells from a postnatal animal source;

4 (b) slow freezing said cells in medium containing 7.5% (v/v) dimethyl sulfoxide

5 until a final temperature of -80° C is reached;

6 (c) culturing the cells;

7 (d) diluting said cultured cells to clonal density;

8 (e) culturing said diluted cells;

9 (e) propogating those cultures having a single cell.

1 13. A clonal pluripotent embryonic-like stem cell line developed by the method of

2 Claim 12.

1 14. The stem cell of Claim 1 genetically engineered to express a gene or protein of

2 interest.

1 15. A method of producing a genetically engineered pluripotent embryonic-

2 likestem cell comprising the steps of:

3 (a) transfecting pluripotent embryonic-like stem cells with a DNA construct

4 comprising at least one of a marker gene or a gene of interest;
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5 (b) selecting for expression of the marker gene or gene of interest in the

6 pluripotent embryonic-like stem cells;

7 (c) culturing the stem cells selected in (b).

116. A genetically engineered pluripotent embryonic-like stem cell produced by the

2 method of Claim 15.

1 17. The stem cell of Claim 16 which is a human cell.

1 18. A method for detecting the presence or activity of an agent which is a lineage-

2 commitment factor comprising the steps of:

3 A. contacting the stem cells of Claim 1 with a sample suspected of containing an

4 agent which is a lineage-commitment factor; and

5 B. determining the lineage of the so contacted cells by mRNA expression, antigen

6 expression or other means;

7 wherein the lineage of the contacted cells indicates the presence or activity of a

8 lineage-commitment factor in said sample.

119. A method of testing the ability of an agent, compound or factor to modulate

2 the lineage-commitment of a lineage uncommitted cell which comprises

3 A. culturing the stem cells of Claim 1 in a growth medium which maintains the

4 stem cells as lineage uncommited cells;

5 B. adding the agent, compound or factor under test; and

6 C. determining the lineage of the so contacted cells by mRNA expression, antigen

7 expression or other means.

1 20. An assay system for screening agents, compounds or factors for the ability to

2 modulate the lineage-commitment of a lineage uncommitted cell, comprising:

3 A. culturing the stem cells of Claim 1 in a growth medium which maintains the

4 stem cells as lineage uncommited cells;

5 B. adding the agent, compound or factor under test; and

6 C. determining the lineage of the so contacted cells by mRNA expression, antigen

7 expression or other means.
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1 21. A method for detecting the presence or activity of an agent which is a

2 proliferation factor comprising the steps of:

3 A. contacting the stem cells of Claim 1 with a sample suspected of containing

4 an agent which is a proliferation factor; and

5 B. determining the proliferation and lineage of the so contacted cells by

6 rnKNA expression, antigen expression or other means;

7 wherein the proliferation of the contacted cells without lineage commitment

8 indicates the presence or activity of a proliferation factor in said sample.

1 22. A method of testing the ability of an agent, compound or factor to modulate

2 the proliferation of a lineage uncommitted cell which comprises

3 A. culturing the stem cells of Claim 1 in a growth medium which maintains the

4 stem cells as lineage uncommited cells;

5 B. adding the agent, compound or factor under test; and

6 C. determining the proliferation and lineage of the so contacted cells by mRNA

7 expression, antigen expression or other means.

1 23 . An assay system for screening agents, compounds or factors for the ability to

2 modulate the proliferation of a lineage uncommitted cell, comprising:

3 A. culturing the stem cells of Claim 1 in a growth medium which maintains the

4 stem cells as lineage uncommited cells;

5 B. adding the agent, compound or factor under test; and

6 C. determining the proliferation and lineage of the so contacted cells by mRNA

7 expression, antigen expression or other means.

1 24. A method of transplanting pluripotent embryonic-like stem cells in a host .

2 comprising the step of introducing into the host the stem cells of Claim 1

.

1 25. A method of providing a host with purified pluripotent embryonic-like stem

2 cells comprising the step of introducing into the host the pluripotent embryonic-like

3 stem cells of Claim 1

.
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1 26. A method of in vivo administration of a protein or gene of interest comprising

2 the step of transfecting the pluripotent embryonic-like stem cell of Claim 1 with a

3 vector comprising DNA or RNA which expresses a protein or gene of interest.

1 27. A method of preventing and/or treating cellular debilitations, derangements

2 and/or dysfiinctions and/or other disease states in mammals, comprising administering

3 to a mammal a therapeutically effective amount of pluripotent embryonic-like stem

4 cells, or cells or tissues derived therefrom.

1 28. A method of tissue repair or transplantation in mammals, comprising

2 administering to a mammal a therapeutically effective amount of pluripotent

3 embryonic-like stem cells, or cells or tissues derived therefrom.

1 29. A method of preventing and/or treating cellular debilitations, derangements

2 and/or dysfunctions and/or other disease states in mammals, comprising administering

3 to a mammal a therapeutically effective amount of a endodermal, ectodermal or

4 mesodermal lineage-committed cell derived from the stem cell of Claim 1.

1 30. A method of tissue repair or transplantation in mammals, comprising

2 administering to a mammal a therapeutically effective amount of a endodermal,

3 ectodermal or mesodermal lineage-committed cell derived from the stem cell of

4 Claim 1.

1 31. A pharmaceutical composition for the treatment of cellular debilitation,

2 derangement and/or dysfunction in mammals, comprising:

3 A. a therapeutically effective amount of pluripotent embryonic-like stem cells,

4 or cells or tissues derived therefrom; and

5 B. a pharmaceutical^ acceptable medium or carrier.

1 32. The pharmaceutical composition of Claim 28 further comprising a proliferation

2 factor or lineage-commitment factor.
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